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were t h e  f o l l o w i n g  s t a f f  members: 

T.L. Gal 
many o b j e c t i v e s  o f  

Aerodynamics: 
Design & Weights: Char I es Waterman 
Costs & S t a t i s t i c s :  Fred T i e t g e  
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Fasteners: John O'Husky 
S t ruc tu res :  H i l l y e r  P r e n t i c e  

oway o f  NASA served as p r o j e c t  monitor,  c o o r d i n a t i n g  t h e  

La r ry  Froh I i ch and Gary Johnson 

t h i s  study i n  a l l  i t s  phases, as we1 
f e c t i v e  l i a i s o n  between personnel of t h e  Miss ion Analys 
San Diego A i r c r a f t  Engineering, Inc.  

Acknowledgment i s  extended t o  t h e  many people 
ca t i on ,  government, and i n d u s t r y  who gave f r e e l y  o f  t h e  
much va luab le  in format ion.  

as p r o v i d i n g  e f -  
s D i v i s i o n  o f  NASA and 

i n  t h e  f i e l d s  o f  edu- 
r t i m e  and suppl ied 
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Bel lanca A i r c r a f t  Engineer ing Corp. 
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INTRODUCTION 

The expansion and compe t i t i ve  p o s i t i o n  o f  general a v i a t i o n  i n  t h e  
f i e l d  o f  t r a n s p o r t a t i o n  depends upon improving t h e  s a f e t y  and u t i l i t y  of l i g h t  
a i r c r a f t  wh i le ,  s imultaneously,  reducing t h e i r  cos t .  Toward t h i s  end, t h e  
Miss ion  Ana lys is  D i v i s i o n  o f  NASA i s  i n v e s t i g a t i n g  va r ious  areas associated 
w i t h  t h e  design o f  l i g h t  a i r c r a f t  and has sponsored t h i s  study on s t r u c t u r a l  
m a t e r i a l s  and concepts. 

The pr imary  o b j e c t i v e s  of t h i s  two-phase study, accompl ished by San 
Diego A i r c r a f t  Engineering, Inc., was 

( 1 )  t o  make a comparative eva lua t i on  o f  a wide v a r i e t y  of m a t e r i a l s  
and s t r u c t u r a l  concepts, p r e s e n t l y  and p o t e n t i a l l y  a v a i l a b l e  f o r  
a p p l i c a t i o n  t o  l i g h t  a i r c r a f t ,  by i n v e s t i g a t i n g  t h e  a f f e c t  of  design, 
manufacturing, ope ra t i ona l ,  and ma te r ia l  requirements on t h e  c o s t  of 
t h i s  c l a s s  o f  a i r c r a f t .  

( 2 )  t o  app ly  t h e  more promising m a t e r i a l s  and s t r u c t u r a l  concepts t o  
t h e  conceptual design o f  l i g h t  a i r c r a f t .  

( 3 )  t o  i d e n t i f y  key problem areas where a d d i t i o n a l  research may 
increase t h e  p o t e n t i a l  of  promising m a t e r i a l s  o r  concepts. 

A secondary o b j e c t i v e  was t o  prepare t h i s  r e p o r t  summarizing t h e  
r e s u l t s  o f  t h e  comparative e v a l u a t i o n  and showing how these r e s u l t s  may be 
app l i ed  t o  t h e  s t r u c t u r a l  design s t u d i e s  of  l i g h t  a i r c r a f t .  T h i s  r e p o r t  i s  a 
sequel t o  t h e  F ina l  and Summary Reports which were prepared a t  t h e  conc lus ion  
of  t h e  study. 

I n i t i a l l y  t h i s  r e p o r t  descr ibes  several p e r t i n e n t  c o s t  cons ide ra t i ons  
rep resen ta t i ve  of  t h i s  c l a s s  of  a i r c r a f t  t o  e s t a b l i s h  a c o s t  base fo r  t h e  s tudy.  
The f o l l o w i n g  s e c t i o n  t a b u l a t e s  t h e  p r o p e r t i e s  o f  a v a r i e t y  o f  m e t a l l i c  and 
non-meta l l i c  m a t e r i a l s  t h a t  a re  promising candidates fo r  a p p l i c a t i o n  t o  f u t u r e  
a i r c r a f t  designs. And, t h e  remaining sect ions,  d iscuss  i n  more d e t a i l  t h e  
eva lua t i on  o f  these ma te r ia l s ,  t h e i r  areas o f  a p p l i c a t i o n ,  f a t i g u e  considera- 
t i o n ,  and f a s t e n i n g  techniques. 



SYMBOLS, ABBREVIATIONS, AND CONVERSION FACTORS 

F = Yield allowable tensile stress, - 2  2 A = Area, in. , ft 
AR = Aspect ratio ‘Y psi 
a = Area of individual element f = Internal (calculated) stress, psi 
b = Width, in.or span, ft f = Ultimate crippling stress of 
C = Restraint coefficient element, psi 
C, = Fabrication cost/lb., $/lb. G.A.G. = Ground-air-ground, fatigue 

cc 

1 spectrum Cfb = Baseline material fabrication 

Cfn = Candidate material fabrication 

Ci = Installation cost/lb., $/lb. 

HP = Horsepower 
K = Factor 

dea I er 

cost/lb., $/lb. 

cost/lb., $/lb. Kd = 33% markup factor for distributor/ 

K- = 10% profit factor for manufacturer 
Cm = Material cost/lb., $/lb. tJ 

K, = Theoretical stress-concentration 
factor 

ksi = One thousand pounds per sq. in. 
L = Length, in. 
MAC = Mean aerodynamic chord 
MIL-HDBK-5 = Military Handbook - 

1 = Baseline material cost/lb., $/lb. 
= Candidate material cost/lb., 

‘mb 

$/lb. ‘m n 
c = Root chord r 
cL = Tip chord Metallic Materials and 

L 

C = Dol lars worth of a pound of 

D = Diameter, in. 
E = Modulus of elasticity in 

tension, psi 
E = Modulus of elasticity in com- 

pression, psi 
E, = Tangent modulus, psi 
e = Elongation in percent 
F = Allowable stressor Fahrenheit 
FAA = Federal Aviation Agency 
FAR = Federal Air Regulations 
Fb = Allowable bending stress, psi 
Fc = Allowable compressive primary 

mater i a I saved W 

C 

buck1 ing stress, psi 
= ultimate allowable crippling 
strength, ps i 

F = Allowable compressive crippling 
stress, psi 

Fcu = Ultimate allowable compressive 
stress, psi 

F = Yield allowable compressive 
stress, psi 

Fsu = Ultimate allowable shear 
stress, psi 

Ftll stress, psi 

cr 

= Ultimate allowable tensile 

Elements for Aerospace 
Vehicle Structures 

= Compressive load per unit 
N = Cycles to failure, fatigue 
Nx 
N = Shear flow, Ib./in. 
n = Exponent, subscript 
P = Appl ied load, Ib.or power 
Pf = Fabrication cost, $. 

Pi = Instal lation cost, $.  

= Baseline material installation ‘ib 
= Candidate material installation ‘in 

Pm = Material cost, $. 

q’ = Shear flow, Ib./in. 
R = Ratio of minimum to maximum 

S = Structural efficiency or winq area 

width , Ib./in. 
XY 

cost, $. 

cost, $. 

stress, fatigue 

= Net overa~ I savings 
- 

realized, $. ‘Sav i ngs 
Sb = Baseline material structural 

efficiency 
S.L.= Sea level 
S-N = Stress vs. cycles to failure, 

Sn = Candidate material structural 
fatigue 

efficiency 

2 



t = Thickness, i n .  A lso i nd i ca tes  01 = Thermal c o e f f i c i e n t  of expansion, 
- tens ion  when s u s c r i p t  i n ./ i n./OF. 
t = Cross-sect ional  area p e r  u n i t  I' = Dihedral  

tc = Core th ickness,  i n .  

V, 

w id th  AP = D i f f e rence  i n  i n s t a l l a t i o n  cost,$. 
A$oc= D i f f e rence  i n o p e r a t i  fig cost ,  $. 

A$pp= Change i n  purchase p r i c e  o f  a i r -  = Design maneuvering speed (knots )  
, I  I .  p I ane 

AW = D i f f e r e n c e  i n  weight, lb.  Vc 
V, = Design d i v e  speed ( k n o t s )  E = E f f i c i e n c y  f a c t o r  ( m a t e r i a l s )  

= Design c r u i s e  speed (knots )  

Y A = Sweep 
h = Taper r a t i o  
r~ = P l a s t i c i t y  reduc t i on  f a c t o r  

VG 

VNE = Design never-exceed speed ( k n o t s )  

V-n = Refers t o  diagram p l o t t i n g  l i m i t  

= P o s i t i v e  and negat ive  accelera-  
t i o n s  vs. a i r  speed - 

= Shear buck l i ng  s t ress ,  p s i  c r  

load f a c t o r  vs.  ind ica ted  a i r -  
speed 

W = Weight, Ib .  
i n e  ma te r ia l  weight, Ib.  

- 
W b  = Base 

W = Cand 

w = Dens 
n date ma te r ia l  weight, Ib. 

t y ,  I b . / i n .  3 

CONVERSION FACTORS FOR INTERNATIONAL SYSTEM OF UNiTS 
(Ref. 39) 

3 wc g/cm3 = .03613 Jb/ in  - W 

L3 P k3 = 2.205 I b  

kg/cm = 5.602 I b / i n  K e f f  
L 

c -  
E 

F 
f 

P - 
L2 

- NX 

- NX 

L 

b 

N 
xy 

b 

kg/cm2 = 14.22 p s i  

kg/cm2 = 14.22 p s i  

3 
kg/cm2 = 14.22(10 1 ks 

W 

bL2 

W 

b2L 

WK1l3 
2 b a  

- 

- 

- 
a 

- kg/cm3 = 36.13 I b / i n  3 

cm/cm/'c = .555 in/in/'F 

km/hr = 0.6214 mph 

= 0.5396 knots  
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COST CONSIDERATIONS 

Eva lua t i on  of any ma te r ia l  o r  s t r u c t u r a l  concept i s  u l t i m a t e l y ,  i f  
n o t  i n i t i a l l y ,  performed i n  terms of p r i c e  o r  cos t .  T h i s  s e c t i o n  discusses 
several  parameters t h a t  a r e  associated w i t h  o r  in f luenced by cost ,  i.e.: 

Dol l a r  va lue  and p r i c e  t rends  
Cost as a f u n c t i o n  o f  speed 
Cost as a f u n c t i o n  o f  empty weight 
Cost by component 
Cost breakdown 
E f f e c t  o f  labor  savings (i.e.,mass produc t ion)  

on consumer p r i c e  

D o l l a r  Value and P r i c e  Trends 

When comparing o r  eva lua t i ng  any th ing  i n  terms o f  d o l l a r s  ( o r  any 
currency) over  a pe r iod  of  t ime, t h e  e f f e c t s  of  currency va lue  f l u c t u a t i o n  must 
always be considered. Otherwise, a change i n  p r i c e  o r  c o s t  due t o  some tech- 
n i c a l  reason cou ld  be a r t i f i c i a l l y  magnif ied, diminished, o r  compensated by 
d o l l a r  va lue  f l u c t u a t i o n  -- thus  camouflaging t h e  p a r t i c u l a r  c o s t  or  p r i c e  
e f f e c t  being evaluated. Th is  currency va lue  f l u c t u a t i o n  ( u s u a l l y  i n f l a t i o n )  
i s  measured and descr ibed i n  terms o f  a consumer p r i c e  index and i s  compared 
t o  any convenient p o i n t  i n  t ime.  The U.S. Government pub l i shes  a running tab- 
u l a t i o n  o f  t h i s  index (based on p r i c e  of  rep resen ta t i ve  qoods, products,  and 
se rv i ces  1 i n t h e  STAT I STI CAL ABSTRACT -- OF THE UNITED STATES ( ref'. 1 1 
which i s  publ ished yea r l y .  P r i c e  index values a r e  p l o t t e d  versus calendar 
year i n  F igu re  1 f o r  t h e ' p e r i o d  1935 t o  1985. The data from re ference 1 

PRICE INDEX V S  CALENDAR YEAR 

PRICE 
INDEX 

YEAR 

F igu re  1 
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i s  based on 1958 e q u a l l i n g  100. The p l o t  i n  F i g u r e  1 i s  ad jus ted  so t h a t  
1966 equals 100. So t h a t  any cons tan t  r a t e  o f  i n f l a t i o n  ( i .e.,  a cons tan t  
percentage increase p e r  year )  cou ld  be dep ic ted  as a s t r a i g h t  l i n e ,  t h e  data 
i s  p l o t t e d  on a semi- logar i thmic graph. 
p e r  year, apparent s i n c e  about 1951, i s  extended t o  1985. Therefore, i n  o rde r  
t o  e l i m i n a t e  t h e  e f f e c t  of d o l l a r  va lue  f l u c t u a t i o n ,  a l l  d o l l a r s  discussed 
h e r e a f t e r  w i l l  be 1966 d o l l a r s .  D o l l a r s  of  any p a r t i c u l a r  year on t h e  graph 
a r e  converted t o  1966 d o l l a r s  by d i v i d i n g  t h e  d o l l a r  va lue  i n  ques t i on  by 
t h e  p r i c e  index fo r  t h a t  year. 

The cons tan t  i n f l a t i o n  r a t e  o f  1.32% 

The p r i c e  t rends  of severa l  t y p i c a l  General A v i a t i o n  a i r c r a f t  a r e  
i l l u s t r a t e d  i n  F igu re  2. 
The low-pr ice category inc ludes  those a i r c r a f t  p r i c e d  below $12,500.00 and 
a r e  charac ter ized  by f i x e d  landing gear, f ou r -cy l i nde r  engines (180 hp max.1 
and a f i x e d  p i t c h  p r o p e l l e r .  
approximately between $12,500 and $20,000 and a re  cha rac te r i zed  by s i x -  
c y l i n d e r  engines (up t o  300 hp) and inc lude  some w i t h  rey rac tab le  landing gear. 
The h igh -p r i ce  category a i r c r a f t  a r e  p r i c e d  above $20,000.00 and a r e  char- 
ac te r i zed  by s i x - c y l i n d e r  engines (up t o  400 HP1,retractable landing gear, and 
cons tan t  speed p r o p e l l e r .  The very h igh -p r i ce  a i r c r a f t ,  i . e .  twins,  execut ive,  
and a i r  t a x i  type, a r e  n o t  included s ince  they a re  beyond t h e  scope of t h e  
s tudy.  

From t h e  graph, t h r e e  p r i c e  ca tegor ies  a re  apparent, 

The midd le -pr ice  category a i r c r a f t  a r e  p r i c e d  

GENERAL AVIATION AIRCRAFT CONSUMER PRICE TRENDS 
( i n  1966 d o l l a r s )  

Consumer 
P r i c e  

$x 1000 

30 

25 

20 

15 

10 

5 

0 

PIPER CHEROK 

1950 1955 1960 1965 

YEAR 

F igu re  2 
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The following observations have been made from these price trends: 

( 1 )  Price of low-price aircraft in this decade is 
fairly constant to declining. 

(2) Price of middle-price aircraft is fairly constant to 
r i s i ng , 

( 3 )  Price of high-price aircraft is generally rising. 

The price per pound (empty) o f  aircraft is plotted in Figure 3 and 
illustrates, with only three exceptions, that not only is the price of air- 
planes rising, but consumers are paying a little more for each pound of air- 
craft. 

$/ kg $/ I  b 

PRICE WEIGHT RAT10 
(in 1966 dollars) 

16 

15 

14 

13 

12 

11 

10 

9 
8 

7 

6 
5 

4 

YEAR 

Figure 3 

The increase of cost per pound. is probably due to the 6% per year increase of 
U S .  aluminum and aircraft industry wages. No doubt, the following enhance- 
ments are contributory to the higher consumer prices: 

Aerodynamic cleanness - More sophisticated instruments 
Safety features - Comfort items - Luxurious interiors 
Style changes - Engine refinements - Propeller advancements 
Accommodations for accessories and non-standard equipment 

6 



Cost as a Funct ion of Speed and Empty Weight 

p o r t  a 
speeds 

As a comparat ive measure of t h e  c a p i t a l  o u t l a y  requ i red  t o  t r a n s -  
pound o f  payload (people) i n  four-p lace (minimum) veh ic les  a t  var ious  
, Figure  4 shows t h a t :  

( 1 )  I t  cos ts  from $2.50 t o  $4.00 per  pound t o  t r a v e l  a t  50 - 70 
m i l e s  pe r  hour i n  an automobile. 

(2) I t  cos ts  from $8.50 t o  $34.50 per  pound t o  t r a v e l  a t  115 - 
230 m i l e s  per  hour i n  a General A v i a t i o n  l i g h t ,  four-place 
a i r p  I ane . 

( 3 )  I t  cos ts  from $56.00 t o  $58.00 per  pound t o  t r a v e l  a t  110 - 
145 m i l e s  pe r  hour i n  a four -p lace  h e l i c o p t e r ,  

PRICE PER POUND OF USEFUL LOAD VS SPEED $/kg $ / I  b 
60 

50 

40 

30 

20 

I O  

SPEED 

0 100 200 300 km/hr 400 
I I I 

NOTE: Useful load inc ludes a l l  persons on board, f u e l ,  o i l  and baggage. 
F igure  4 
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F igu re  5 i l l u s t r a t e s  t h e  t r e n d  i n  h e l i c o p t e r  p r i c e s  pe r  pound. The 

(2) t h a t  t u r b i n e  
o n l y  conclusions t h a t  can be drawn are:  
. he l i cop te rs  c o s t  between $23.00 and $33.00 pe r  pound empty; 
powered h e l i c o p t e r s  c o s t  between $60.00 and $75.00 per  pound empty; and ( 3 )  
t h a t  t h e  c o s t  per  pound empty o f  h e l i c o p t e r s  i s  apparent ly  - n o t  a f u n c t i o n  o f  
empty weight. 

( 1 )  t h a t  r e c i p r o c a t i n g  engine powered 

CONSUMER PRICE PER POUND (EMPTY) VS EMPTY WEIGHT 
$/kg $ / l b  (1967 General A v i a t i o n  He1 i cop te rs )  

80 

70 

60 

50 

40 

30 

1100 1300 1500 1700 1900 I b  
20 

900 
EMPTY WEIGHT 

400 500 600 700 800 kg 

F igu re  5 

The c o s t  per  pound of empty weight f o r  most o f  t h e  l i g h t  a i r p l a n e s  
i n  U.S. p roduc t ion  i s  p l o t t e d  aga ins t  empty we igh t  i n  F igu re  6 ;  it v a r i e s  from 
about $8.00/lb t o  about $27,00/lb. 

The c o s t  p e r  pound o f  empty weight of  most of  t h e  l i g h t  a i r p l a n e s  i n  
U.S. p roduc t ion  i s  p l o t t e d  aga ins t  maximum speed i n  F igu re  7. The c o s t  v a r i e s  
from about $6.00/lb a t  115 mph. t o  $27.00/Ib a t  300 mph, 

The c o s t  per  pound o f  a i r f r a m e  
planes i n  U.S. p roduc t i on  i s  p l o t t e d  aga 

The c o s t  per  pound o f  a i r f r a m e  
planes i n  U.S. p roduc t i on  i s  p l o t t e d  aga 
v a r i e s  from $3.90/lb t o  $9.25/1b. 

fo r  some rep resen ta t i ve  l i g h t  a i r -  
n s t  empty weight i n  F igure  8. 

f o r  some rep resen ta t i ve  l i g h t  a i r -  
n s t  maximum speed i n  F igu re  9. I t  

8 



CONSUMER P R I C E  PER POUND OF EMPTY WEIGHT VS EMPTY WEIGHT 
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CONSUMER PRICE PER POUND OF EMPTY W E I G H T ' V S  MAXIMUM SPEED 

100 200 
MAXIMUM SPEED 
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F igu re  7 
1. 
2. 
4. 3. 

5 .  
6. BEECH BARON C55 
7. 
8. 
9. 
10. 
11. 
12. BEECH MUSKETEER CUSTOM I l l  
13. EEEM MISKETEER SWRT Ill 
14. BEECH WSKETEER SUPER I l l  
15. BEECH TRAVEL AIR 095A 

16. 
17. 
18. 
19. 
20. 
21. 
22. 
23. 
24. 
2 5 .  
26. 
27. 
28. 
29. 
30. 

BELLANCA 260C 
EELLANCA VIKING 300 
CESSNA 401 
CESSNA 150 
CESSNA 172 
CESSNA 182 
CESSNA 210 
CESSNA SUPER SKYMASTER 
CESSNA 3lOL 
CESSNA SKYNIGHT 
CHAWlON 7ECA 
CHAWION 7WA-A 
HELIO COURIER 
HELIO SUPER COURIER 
LAKE LA-4 

31. 
32. 
33. 
34. 
35. 
36. 
31.  
38. 
39. 
40. 
41. 
42. 
43. 
44. 
45. 

MAULE M-4JETASEN 
MAULE M-4RCCKET 
MX)NEY MASTER 
WNEY MARK 21 
NOONEY SUPER 21 
WNEY EXECLITIVE 21 
MX)NEY MUSTANG 
NAVlMI MOOEL H 
BOLKOW JUNIOR 
PIPER PA 18 
PIPER CHEROKEE 140 
PIPER CHEROKEE 150 
PIPER CHEROKEE 160 
PIPER CHEROKEE CIS0 
PIPER CHEROKEE 2358 

46. PIPER CHEROKEE S I X  
47. PIPER CHEROKEE 300-SIX 
48. PIPER COMANCHE E 
49. PIPER TWIN COMANCHE B 
50. PIPER AZTEC C 
51. PIPER NAVAJO 
52. TURBO TWIN COMANCHE 8 
53. PIPER TUREW AZTEC C 
54. PlPER TUURBO NAVAJO 
55. RILEY TUURBO ROCKET 
56. WACO TS250 
57. WACO S220 
58. WREN 460 

I mph 
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Cost by Component 

Based on manufacturer 's  suggested r e t a i l  p r i c e s  and on ca ta log  whole- 
s a l e  p r ices ,  t h e  a i r f r a m e  ( s t r u c t u r e )  cos t  of  t h e  var ious  main components o f  a 
t y p i c a l  l i g h t  a i r p l a n e  has been determined. F igure  10 i l l u s t r a t e s  t h e  c o s t  
Der pound of s t r u c t u r e  f o r :  t h e  wing, t a i l  group, fuselage, and landing gear. 

TYPICAL COST OF STRUCTURE 
( i n  d o l l a r s  per  pound) 

(-3 From Suggested R e t a i l  P r i c e  (Par t s  L i s t s )  

From Est imat ions  Based on Wholesale 
Cata I ogs Te I econs 

F igu re  10 
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Cost Breakdown 

The c o s t  o f  a t y p i c a l  four-place a i r p l a n e  Capproximately $17,000) is 
broken down bo th  by d o l l a r  and by precentage of  t h e  t o t a l  cost i n  Table I. The 
a i r f r a m e  f a b r i c a t i o n  c o s t  represents  approximately 36% of  t h e  consumer p r i c e .  
D i v i d i n g  t h e  a i r f r a m e  f a b r i c a t i o n  c o s t  by i t s  AMPR ( * I ,  or a i r f r a m e  weight, 
y i e l d s  a u n i t  a i r f r a m e  c o s t  o f  $6.75 per  pound. 

TABLE I 
COST BREAKDOWN OF A TYPICAL LIGHT AIRPLANE 

Percent 
Tota I Do I I a r s  I tern 

D i r e c t  Labor - 630 hours ( @  $2.70/hr) 
Overhead (130% o f  $1,700.00) 
M a t e r i a l  - A i r f rame 
Equ i pment ($2420 Eng i ne; $375 Prop. ; $13G5 Other 1 

Su b-Tota I 
Di rec t ,  Sales, and General A d m i n i s t r a t i v e  

Expenses (32% o f  $8,775.00) 
Sub-Total (Manufacturing Cost)  

Fac tory  P ro f  it ( 10% o f  $ 1  1,585.00) 
To ta l  Dea ler ' s  Cost 

D i s t r i b u t o r  and Dealer Mark-up 
(33% o f  $12,744.00) 

Tota I Cost -to Customer 

AIRFRAME FABRICATION COST ANALYS 

(80% of $2,210 f $2,8 
A i  rf rame Labor (80% o f  D i  r e c t  Labor) 
A i r f rame share o f  Overhead 
Raw Mate r ia  I s 

Ai r f rame F a b r i c a t i o n  Cost 

* AMPR Weight i s  assumed t o  be 910 pounds. 

U n i t  A i r f rame Cost: $ 6,140.00 
= $ 6 .75/1b 910 Ibs  

$ 1,700.00 10.0 
2,2 10.00 13.0 

765.00 4.5 
4,100.00 24.2 

$ 8,775.00 51.7 

2,8 10.00 16.5 
$ 11,585.00 68.2 

1,159.00 6.8 
$ 12,744.00 75.0 

4,256 .OO 25.0 
$ 17,000.00 100.0 

S 

$ 1,360.00 
4,015.00 

765.00 
$ 6,140.00 

* AMPR weight inc ludes  Empty Weight less  t h e  f o l l o w i n g  i tems: wheels, 
brakes and t i r e s ,  engine ( i n c l .  carb. a i r  box), s t a r t e r ,  propel  l e r  
and spinner, instruments, nav iga t i on  equipment, b a t t e r y  and generator,  
e l e c t r o n i c s ,  cab in  heat  and vent. 

F igu re  1 1  i l l u s t r a t e s  t h i s  same breakdown. I t  should be noted t h a t ,  
a l though a i r f r a m e  labor  and raw mate r ia l  represent  o n l y  12.5% o f  t h e  consumer 
p r i c e  of  t y p i c a l  four-place, s ingle-engine a i rp lanes ,  t h i s  has a much f a r t h e r -  
reaching e f f e c t  on t h e  t o t a l  p r i c e  o f  t h e  a i rp lane ;  i.e., d e a l e r ' s  mark-up, 
manufacturer 's mark-up, and o v e r a l l  burden ( t h e  sum of  which represents  61.3% 
o f  t o t a l  p r i c e )  a r e  a l l  f unc t i ons  o f  a i r f rame cos t .  These e f f e c t s  a re  descr ibed 
q u a n t i t a t i v e l y  i n  t h e  nex t  paragraphs. 
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DEALER MARKUP 

MANUFACTURERS 
MARKUP 

BURDEN, G&A, 
AND TAXES 

TYPICAL CONSUMER PRICE PERCENTAGE BREAKDOWN 
OF A FOUR-PLACE SINGLE ENGINE AIRPLANE 

RAW MATERIAL 

7 SCOPE OF 
THIS STUDY 

- AIRFRAME LABOR 

.29.5%’ 2%’ OTHER LABOR 

E f f e c t  o f  Labor Savings 

As i nd i ca ted  prev ious ly ,  t h e  c o s t  o f  l abo r  invo lved i n  manufactur ing 
a l i g h t  a i r p l a n e  ( o r  any produc t  f o r  t h a t  ma t te r )  a f f e c t s  o t h e r  p o r t i o n s  o f  t h e  
t o t a l  p r i c e .  The change i n  consumer p r i ce ,  r e s u l t i n g  from reduc t ions  i n  a i r -  
frame f a b r i c a t i o n  labor, has been c a l c u l a t e d  and i s  i l l u s t r a t e d  i n  F igu re  12. 
T h i s  p l o t  was based on t h e  f o l l o w i n g  t h r e e  assumptions: 

( 1 )  That manufacturer and d e a l e r  mark-ups would remain a constant 
percentage o f  consumer p r i c e  ( i .e., 6.8% f 25% = 31.8%). 

(2) That  raw m a t e r i a l s  and purchased hardware c o s t  would remain 
cons tan t  regard less  of l abo r  savings. 

( 3 )  That o v e r a l l  burden ( i .e . ,  overhead, sales, and G&A expense) 
i s  2.95 t imes labor. 

NOTES: a. The 2.95 i s  de r i ved  from data i n  Table I, i.e., 

= 2.95 $2,210 + $2,810 
$1,700 

b. General formula used was: 
CPn = (Ln + 2.95 Ln + M + E l  + .318 CPn 

13 



S u b s t i t u t i n g :  Where: 

3.95 Ln + 4865 
P 

.682 CPn = 

CPn = 5.8 Ln + 7140 

Then conver t ing  t o  percentages: 

5.8 Ln 7140 + -  “n - 
C PO C PO C PO 
- -  

7140 5.8 Ln 
+ -  - -  “n - 

CPO 10 Lo CPO 

CPn = Consumer P r i c e  - new 

CPo = Consumer P r i c e  - o r i g i n a l  

Ln = Labor - new 

Lo = Labor - o r i g i n a l  

M = M a t e r i a l s  = $765 

E = Equipment = $4,100 

= 10 Lo = $17,000 

- Y  
Cal I ing :  L Cp n 

LO CP0 
_ _  - X and - -  

Then : y = .58x + .42 

Thus, as labor  approaches zero, t h e  r e s u l t i n g  consumer p r i c e  approaches 
a minimum of  42%. Obviously,  t h e  100% savings i n  labor  can o n l y  be approached 
through automation. 

PRICE EFFECT OF LABOR S A V I N G  

CONTEMPORARY PRODUCTION - 

n PERCENT OF ORIGINAL LABOR (XI x = - 
LO 

F igure  12 
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The f o l l o w i n g  method o f  e s t i m a t i n g  p o t e n t i a l  p r i c e  reduc t i ons  r e s u l t i n g  
from very h igh  labor  savings ( i - e . ,  as t h e  r e s u l t  o f  mass p r o d u c t i o n ) ,  approx i -  
mates t h e  above est imate o f  42%. 
p lace  l i g h t  a i r c r a f t  i s  r e a l l y  no more complicated o r  s o p h i s t i c a t e d  than t o -  
day's automobile. As an example, t h e r e  i s  noth ing on a l i g h t ,  General A v i a t i o n  

a i r c r a f t  t h a t  i s  any more compl icated than an automobi le automat ic t r a n s -  
miss ion o r  a power brake u n i t .  Some a i r c r a f t  instruments a r e  q u i t e  compl icated 
and soph is t i ca ted ,  b u t  mass p roduc t i on  has proven i t s e l f  i n  comparable sophis- 
t i c a t e d  domestic products, such as remote c o n t r o l  automat ic t u n i n g  c o l o r  t e l e -  
v i s i o n  
product  i on from $1 ,500/$2,000 t o  I ess than $300.00 1. 

The Genera 1 Av i a t  ion  s i  ng le-eng i ne, f o u r -  

(e.g., consumer p r i c e  of c o l o r  t e l e v i s i o n  has been reduced by mass 

Therefore, on t h e  reasonable assumption t h a t  General A v i a t i o n  l i g h t  a i r -  
c r a f t  and automobiles a r e  t r a n s p o r t a t i o n  veh ic les  o f  comparable complexity, 
t h e  f o l l o w i n g  dimensionless r e l a t i o n s h i p  has been generated t o  equate t h e  two: 

$ / '  'auto - - $ / I  ba i r c r a f t  

aluminum $ / I  bs tee  I - $ / l b  

This  equat ion i n d i c a t e s  t h a t ,  f o r  veh ic les  of comparable complexity, 
t h e  r a t i o  o f  raw mate r ia l  s p e c i f i c  cost ,  ( i n g o t ) ,  t o  f i n i s h e d  product  s p e c i f i c  
c o s t  should be equal o r  s i m i l a r  f o r  both vehic les,  except as a f f e c t e d  by 
product ion r a t e .  
as K i n  t h e  equat ion.  

Th is  p roduc t i on  r a t e  o r  "mass product ion f a c t o r "  i s  g iven 

The equat ion i s  solved f o r  K w i t h  t h e  f o l l o w i n g  data: 

= $ .70 ( f rom Reference 2 )  $1' bauto 

$ / I  'ai r c r a f t  $10.50 ( f rom F igu re  5)  

= $ .04 ( f rom Reference 3 )  $/I bstee I 

.31 ( f rom Reference 3 )  

s o l v i n g :  & E K  ~ 10.50 
.04 .31 

K =  - -  1 7 ' 5  - .52 o r  52% 33.9 

I n  o t h e r  words, t h e  c o s t  pe r  pound o f  a t y p i c a l  four-place, s i n g l e -  
engine General A v i a t i o n  a i r c r a f t  could be expected t o  be reduced t o  52% o f  t o -  
day's c o s t  i f  mass produced. Th is  amounts t o  a p r a c t i c a l  consumer p r i c e  
reduc t i on  o f  488, which approximates t h e  58% l i m i t  p r i c e  reduc t i on  determined 
i n  F igu re  12. Obviously, t h e  p o t e n t i a l  savings a t t a i n a b l e  through labor  
savings a r e  we l l  worth s t r i v i n g  f o r .  Consequently, r e l a t i v e  f a b r i c a t i o n  cos ts  
should p l a y  a s i g n i f i c a n t  r o l e  when s e l e c t i n g  candidate m a t e r i a l s  l i s t e d  i n  
t h e  sub-sect ion a f t e r  next 
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POTENTIAL STRUCTURAL MATERIALS 

Th is  chapter  concerns t h e  i n v e s t i g a t i o n  of a wide v a r i e t y  of 
s t r u c t u r a l  m a t e r i a l s  a p p l i c a b l e  i n  t h e  design of l i g h t  a i r c r a f t  ( i n c l u d i n g  
h e l i c o p t e r s )  du r ing  t h e  nex t  5 t o  15 years. M a t e r i a l s  a v a i l a b l e  i n  f i v e  years 
a r e  c l a s s i f i e d  near-term. Those a v a i l a b l e  f i f t e e n  years from now a r e  
considered far- term. High-pr iced near-term m a t e r i a l s  a r e  a l s o  considered 
as far-term, a n t i c i p a t i n g  c o s t  reduc t ions  du r ing  t h e  nex t  15 years. 

The o b j e c t i v e  of  t h i s  i n v e s t i g a t i o n  was t o  determine from t h e  i n i t i a l  
compi la t ion,  a l i s t  of promis ing candidate m a t e r i a l s  based on parameters 
i n v o l v i n g  s t rength,  s t i f f n e s s ,  weight, and raw mate r ia l  cos t .  

aga ins t  such parameters as design-concept c o m p a t i b i l i t y ,  method of  j o i n i n g ,  
f a t i gue ,  f o r m a b i l i t y ,  and cos ts  r e l a t i n g  t o  f a b r i c a t i o n .  

Candidate m a t e r i a l s  w i l l  be f u r t h e r  evaluated i n  subsequent chapters  

M a t e r i a l s  were f i r s t  se lec ted  from t h e  broad spectrum of  t h e  var ious  
types  ava i l ab le .  I n  t h e  beginning, an e f f o r t  was made t o  p i c k  rep resen ta t i ve  
examples from each type, basing t h e  s e l e c t i o n  on one o r  more of t h e  f o l l o w i n g  
charac ter  i s t  i c s  : 

( 1 )  Accepted use i n  present-day a i r c r a f t  cons t ruc t i on  
( 2 )  Low dens i ty  
( 3 )  Low mate r ia l  c o s t  

Not always an impor tant  f a c t o r  because f a b r i c a t i o n  cos ts  
can be f a r  more s i g n i f i c a n t .  

( 4 )  High s t i f f n e s s  

Many areas o f  l i g h t  a i r c r a f t  and h e l i c o p t e r  s t r u c t u r e s  a r e  
designed fo r  s t i f f n e s s .  Th is  takes precedence on s t a t i c  
s t reng th  requirements 

( 5 )  High s t reng th  

( 6 )  Weldab i l i t y ,  B r a z a b i l i t y ,  B o n d a b i l i t y  

Inasmuch as present-day f a b r i c a t i o n  methods such as 
r i v e t i n g  c o n t r i b u t e  considerably  t o  t h e  o v e r a l l  c o s t  of  
t h e  f i n i s h e d  product,  a number of  p o t e n t i a l  ma te r ia l s  
lending themselves t o  welding, brazing, and o r  bonding 
were inc luded 

( 7 )  Minimum maintenance 

( 8 )  M a t e r i a l s  e x h i b i t i n g  good co r ros ion  res i s tance  t o  atmospheric 
env i ronments were cons i dered . 
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Tables I1 and 111 t a b u l a t e  t h e  i n i t i a l  s e l e c t i o n  o f  ma te r ia l s ,  t oge the r  
w i t h  t h e i r  p e r t i n e n t  p r o p e r t i e s .  

I n  eva lua t i ng  t h e  i n i t i a l  s e l e c t i o n  o f  ma te r ia l s ,  s t r u c t u r a l  e f f i c i e n -  
c i e s  were determined f o r  comparison purposes. These s t r u c t u r a l  e f f i c i e n c i e s  
are :  3 J T  

C Shear Buck1 ing  = - 
4-F- 

C Column = - tu Tension = - 
W W W 

Each s t r u c t u r a l  e f f i c i e n c y  was a l s o  d i v ided  by t h e  ma te r ia l  c o s t  t o  ob- 
t a i n  a d d i t i o n a l  comparisons. I n  t h e  case o f  fa r - te rm m a t e r i a l s  ( t o  be used 15 
years from now), t h e  p r o j e c t e d  c o s t  15 years from now w i l l  be used. Compara- 
t i v e  s t r u c t u r a l  e f f i c i e n c i e s  a r e  a l s o  presented i n  Tables I1 dnd 111. 

F 

Mate r ia  I Costs 

M a t e r i a l s  costs, i n  d o l l a r s  p e r  pound, were determined by us ing  p r i c e  
i n fo rma t ion  ob ta ined from t h e  f o l l o w i n g  companies: 

Stee I - Ryerson & Sons, Los Ange 
Republ ic Steel ,  Los Ange 

Aluminum - Aluminum Company o f  Amer 

Magnesium - The Dow Chemical Company 

es, C a l i f o r n i a  
es, Cal i f o r n i a  

ca, San Diego, C a l i f o r n i a  

Los Angeles, C a l i f o r n i a  

T i tan ium - React ive  Metals,  Inc., Los Angeles, C a l i f o r n i a  

B e r y l l i u m  - B e r y l l i u m  Meta ls  & Chemicals Corp., New York, New York 

P l a s t i c s  - Whi t taker  Corp. (Narmco D i v i s i o n ) ,  San Diego, C a l i f o r n i a  
(Rein- Owens-Corn i ng F i  berg I as Corporat ion,  New York, New York 

Goodyear Aerospace Corporat ion,  Akron, Ohio 

P l a s t i c s  - Whi t taker  Corp. (Narmco D i v i s i o n ) ,  San Diego, C a l i f o r n i a  
(Unrein- General E l e c t r i c  (Chemical M a t e r i a l  .Dept), P i t t s f i e l d ,  Mass. 

forced) General Dynamics/Convair, San Diego, C a l i f o r n i a  

fo rced )  U.S. Rubber Company, Chicago, I l l i n o i s  
DuPont ( T e x t i l e  F ibe rs  Dept), Wilmington, Delaware 
Borg-Warner (Marbon Chemical D iv . ) ,  Washington, West V i r g i n i a  
F i b e r t i t e  Corporat ion,  Orange, C a l i f o r n i a  

Woods - Niedermeyer-Martin Company, Por t land,  Oregon 
Gordon Plywood Company, Alhambra, C a l i f o r n i a  

Core M a t e r i a l s  - Hexcel Products, Inc., Los Angeles, C a l i f o r n i a  

Promising Candidate M a t e r i a l s  

The s e l e c t i o n  o f  promising cand ida te  m a t e r i a l s  was based p r i m a r i l y  on 
an e v a l u a t i o n  of t h e  comparative s t r u c t u r a l  e f f i c i e n c i e s  l i s t e d  i n  Tables I1 
and I11 f o r  a l l  i n i t i a l l y  se lec ted  ma te r ia l s .  Add i t i ona l  considerat ions,  such 
as a b i l i t y  t o  absorb energy, f o r m a b i l i t y ,  f a t i gue ,  s t r e s s  c o r r o s i o n  and atmos- 
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TABLE I1 

COMPARATIVE STRUCTURAL E F F I C I E N C I E S  
I N I T I A L  SELECTION OF METALL IC  MATERIALS AND 

M a t e r i a l  

41 loy  S tee ls  
1025 Tube 
4130 Norm.Tube 
4130 (180HT) Bar 
4340 (260HT) Bar 
25N i Maraq i ng 

Sta in less  Steel  
301 ( F u i i  Hard) 
"H15-7Mo (RH9501 

4iuminum A l l o y s  
Sheet 

2 0 2 m  
2024-T3 (CLAD) 
22 19-T87 
5086-H32 
5456-H343 @ 
6061-T6 

7005-T6 
7075-T6 
7 178-T6 

Extrusions 
2 0 1 v  
2024-T4 

606 I -T6 

7075-T6 
7075-T73 
7 I78-T6 
606l-T6 (Tube) 

Forq i nqs 
20 I4-T6 
6151-T6 

Cast i  nqs 
356-T6 
A356-T61 
359-T61 

Maqnes i urn 

A231 8-H24 
LA 141-T7 

Sheet 

Mg Yttrium-T5 

Ex t rus ions  
AZ3 I 8-F 
ZK60A-T5 

Cast i nqs 
ZK61A-T6 
ZE63A-T6 
A291C-T6 

Ti tanium 

Ti-6A1-4V 6 Bars 

Ti-13V-I lCr-3Al 
Ti-6Al-4V Sheet 

Beryl  I ium 

Unai loyed 

Powder Sheet 

Sheet 

(Hot Pressed) 

Lockal ioy @ 
Ext rus ions  

Una I I oyed 

Lockal loy @ 

NOTES: 0 Bar 
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167 
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0.75 
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0 
0 

C h a r a c t e r i s t i c s  

Tensi 

- - 3 r  Sheet @ 
t = . i25" f o r  Ex t rus ion  

O N  
P = P o t e n t i a l  

@ Estimated @ t = .050" Minimum Thickness ( 1 = 1982 Est lmate @ Solu t ion  Heat Treated 
and Aged 

Low Cost, Weldable 
High Strength,  Weldable 
High Strength, Weldable 
U l t r a  High Strength,  Weldable 
U l t r a  High Strength,  Weldable 

Corrosion Res is tan t ,  Weldable 
U l t r a  High Strength,  Corrosior 

Res is tan t  

Common use, Good Strength/Wgt. 
Low Cost,High Energy Absorb. 
We I dabi e 
Weldable, Low Cost 
High Welding E f f i c i e n c y  
Low Cost, Corr.Resi st,Wei dab1 e 
Formable, High Energy Absort 

Weldable, Low D i s t o r t i o n  
High Strength/Weight 
High StrengthIWeight 

Low Cost, Heavy Ex t rus ions  
Common use, Gmd Str . /Weight 

Low Cost, High Energy Absorb. 
Low Cost, Corr.Res ist.,Weldab l e  
Formable, High Energy Absorb. 

High StrengthIWeight 
Stress Corrosion Res is tan t  
High StrengthIWelght 
Low Cost, Corr .Resist .  Weldabl 

Formable, High Energy Absorb 

Common use 
High F o r g e a b i l i t y ,  Low Cost 

Low Cost, Comnon use 
Premium Type 
High s t r e n g t h  

High S t i f f I W t .  Weld. Low Dens. 
Low Densi ty 
Good StrengthIWeight.  Weldabif 

i i g h  S t i f f I W t .  Weld. Low Dens. 
Good Stren th1Weight & S t i f f -  

ness/We?ght 

Good StrengthIWeight 
Good StrengthIWeight,  Weldablt 
D u c t i l e ,  Sound Cast ings 

High Strength,  Weldable 
Corrosion Res is tan t  

High St i f fness IWeigh t  

E x c e l l e n t  f o r  Compression 

?ar Term @ Costs: t = .032' 

- 
I94 
336 
635 
919 
078 

645 
813 

640 
600 
610 
417 
552 
428 

465 
752 
814 
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600 
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802 
655 
863 
428 

643 
450 

258 
392 
463 
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396 
820 

547 
682 

523 
585 
416 

i 000 
977 
980 

597 

I045 

580 

I390 

743 

- 
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_. 
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21 

I46  
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21 
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34 
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30 
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5 

1 

1 

1 

1 
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4 
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4 
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4 
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4 
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4 
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4 

4 
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4 
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4 

4 

4 

4 

11 
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11 
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-G lass/Ny Ion 6/ 10 
1" S-Giass/Epaxy I ," I i z  

Continuous Fiber 

E-Glass/EPoXY 

E-GI 8ss/EPoXY 

S-G i ass/Epoxy 

S-GIass/EPoXY 

181 Cloth 

143 Cloth 

181 Cloth 

143 Cloth 

J i a l l y l  Phthalate 
(Prepreg) I N 149 C 

. .  
UNREINFORCEO THERWPLASTICS 
ABS (Sheet) 

Nylon Yarn 
Whlttaker PBi-8 

WOOD 

White Ash 13.2 
Yei low Birch 15.1 

- 
Hardwoods @ 

Softwoods @ 
White Cedar 10.2 
Douglas F i r  10.9 
Sitka Spruce 9.4 

Plvwoods, 3-ply (.070 i n  t h i c k  
Birch-Blrch 
Poplar-Poplar 
Mahagany-Poplar 6.7 

Modified Woods, (parai 
Birch, ~ 0 . 4 6  
Spruce, t=0.32 

CORE MATERIALS I _.- 

TABLE I11 
I N I T I A L  SELECTION OF NON-METALLIC MATERIALS 

AND COMPARATIVE STRUCTURAL E F F I C I E N C I E S  

aral le1 
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44 
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111 
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7.6 
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,641 
.701 
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1.4 

I 

W 

LE 
- 
i;;l 
- 
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.060 c 
.070 

,070 

.070 

.070 

.070 
( 

.071 
,051 
.076 
,073 
.Ob5 
,073 

.071 

.051 

.076 

.073 
,065 
,073 

.071 

.051 

.076 
,073 
.065 
.073 

,040 
.039 
.043 
,049 
.043 

.022 
,025 

,016 
.Ol8 
.015 

face qra in  

LTERIAL 
COST 

> I LB 
- 
D- - 
0.63 
6410.65 
OO(2.00 

OO(i.00 

OO(1.00 

, OO(2.00 

oo(2.00 

3.15 

IO( 10.00 
10 (1.00 
.OO( 1.00 
,oo (2.00 

IO( 10 .oo 
IO (1 .oo . OO( 1 .oo . OO( 2.00 

)O( 10.00 
10 (1.00 
.00~1.00 
.oo 12.00 

0.90 
0.46 @ 
1.90 
5.10 
5.00 

5.80 
6.60 

2. I O  
0.52 
0.67 

2.06 
2.12 
2.05 

CHARACTERISTICS 

orrosion Resistant, Formabl 
ow Density, Formable 
igh Strength b Stif f /Welght 

Corroslon Resistant 
Formab I e 
High Strength/Weighi t 

ow Curing Temp., Formable 

High Strength/Welghi 
Low Density 
Corrosion Resistant t 
High Strength/Weighl 
Low Density 
Corrosion Resistant 

High Strengt h/Wei g h i  
Low Density 
Corrosion Resistant 

Low Density 
Formable 

LOW oensity 1 
Presently used i n  
some l i g h t  a i r c r a f t  

Gwd Strength/Weight 
Stabi l lzed Wood 

pL I CHARACTER1 ST ICs 

F t U  - 
w __. 

10-3 - - 
28 6 
418 
750 

643 

1210 

1340 

i 980 
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1970 
1870 
1970 
2880 
1230 
2880 
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114 
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243 
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243 
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1175 
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221 
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638 
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230 
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92 
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46 

26 

32 

29 

35 

23 
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35 
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33 
42 
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16 
20 

54 
54 

74 
68 
79 
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45 
48 

43 
46 - 
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0- 
WLB - 
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3 (22) 
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3 (26) 
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9 (18) 

7 
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(35) 
(19) 
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24 
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3 
4 

9 
8 

35 
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19 
21 
23 

1 

7 - 
w - 
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18 
21 
33 

21 

25 

23 

26 

20 

45 
49 
25 
27 
25 
29 
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14 
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18 
21 

38 
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48 

- 

1 

3% - 
I/LI 

lo-: 
_. - 
0 - 
29 
3 (3 
8 Ill 

1 (2 

2 (2 

6 I 1  

6 (I 

6 

(5) 
(49) 
(25) 
(14) 

16 
31 
9 
3 
4 

18 
22 
23 

- 

1 

9EF - - - 
2 
3 
4 

5 

5 

16 

16 

19,: 
19.3 
19 
19 
19 
19 

19.3 
19.3 
19 
19 
19 
19 

19,' 
19,: 
19 
19 
19 
19 

20 
21 
22 
23 

24 
24 

24 
24 
24 

24 
24 
24 

24 
24 - 
IEF . 
- 
25 
25 
25 
25 
25 - 

NOTES: @ ESTIMATED @ N = NEAR TEGM 0 ( 1 = 1982 ESTIMTE @ PARALLEL TO GRAIN @ RESIN 
P ij POTENTIAL 

@ MIL mBK 17 material propert ies were used I" t h i s  tab le If avai lable. Otherwise, manufacturers published data were used. 
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p h e r i c  corros ion,  low-quench s e n s i t i v i t y ,  loading i n t e n s i t y ,  and accepted usage 
i n  present-day a i r c r a f t ,  a l s o  in f luenced t h e  choosing of  candidates. M e t a l l i c  
ma te r ia l  condidates a r e  l i s t e d  i n  Table I V ,  toge ther  w i t h  t h e i r  s t r u c t u r a l  e f -  
f i c i e n c i e s .  Non-metal l ic  ma te r ia l  candidates a r e  Dresented i n  Table V i n  a 
s i m i l a r  manner. 
c iency of m a t e r i a l s  by decreasing o rde r  of magnitude. 

M e t a l l i c  M a t e r i a l s  (Ref. Table Iv) 

Figures 13, 14, and 15 l i s t  t h e  comparative s t r u c t u r a l  e f f i -  

TUBING - Two s t e e l s  and one aluminum a l l o y  were se lec ted  as t u b i n g  can- 
d ida tes .  While t h e  6061-T6 aluminum a l l o y  i s  super io r  from t h e  s tandpo in t  o f  
s t r u c t u r a l  e f f i c i e n c i e s ,  1025 s t e e l  i s  s t i l l  be ing used today i n  areas where 
low c o s t  and ease o f  welding so d i c t a t e .  The 4130 normal ized s t e e l  t ub ing  i s  
used where column loading i n t e n s i t i e s  a r e  moderate-to-high and s i z e  l i m i t a t i o n s  
a r e  present.  The most l i k e l y  areas o f  a p p l i c a t i o n  f o r  t ub ing  a re  fuselage 
weldments and engine mounts, 

BAR MATERIAL - Candidates a r e  l i s t e d  w i t h  t h e  i n t e n t  o f  showing mate- 
r i a l s  o f  h igh  s t reng th  f o r  use i n  areas of landing-gear assemblies, ro tor  
mechanisms, and pr imary s t r u c t u r a l  f i t t i n g s  having space l i m i t a t i o n s .  Although 
t h e r e  a r e  many types o f  h igh-st rength m a t e r i a l s  ava i l ab le ,  t h e  s e l e c t i o n  repre-  
sents t h e  lower and upper end o f  t h e  chrome-al ioy se r ies  (4130 and 43401, and 
a l s o  inc ludes one o f  t h e  newer types o f  maraging s tee ls ,  25 N i ,  T h i s  s tee l ,  
a l though 1.8 t imes as s t rong as 4130 (180 H.T.), i s  a l s o  seventeen t imes as 
c o s t l y  ($2.25/1b vs.  $0.13/ lb) .  I t  i s  a h igh -qua l i t y  s t e e l  w i t h  super io r  
co r ros ion  res i s tance  and toughness over  t h e  commonly-used chrome-alloy se r ies .  

FORGINGS a r e  occas iona l l y  used i n  h e l i c o p t e r s  and l i g h t  a i r c r a f t .  When 
used, 2014-T6 i s  t h e  pr imary f o r g i n g  a l l o y ,  e s p e c i a l l y  f o r  miscel laneous low- 
s t ressed f i t t i n g s  where economy and increased co r ros ion  performance predominate. 

SHEET - A number of sheet m a t e r i a l s  a r e  a v a i l a b l e  for  use i n  t h e  con- 
s t r u c t i o n  o f  l i g h t  a i r c r a f t  and he l i cop te rs .  Sheet s tock  i s  used main ly  as a 
cover ing  fo r  t h e  a i r f rame.  I t  i s  a l s o  bent and formed i n t o  frames, r i b s ,  
s t r i n g e r s ,  s t i f f e n e r s ,  and var ious  types of  brackets.  

The 2024-T3 a l l o y ,  e s p e c i a l l y  t h e  c l a d  vers ion,  i s  by f a r  t h e  most com- 
monly-used s k i n  cover ing on present-day l i g h t  a i r c r a f t .  In a d d i t i o n  to having 
h igh  s t r u c t u r a l  e f f i c i e n c i e s ,  i t  i s  a good co r ros ion - res i s tan t  candidate, ex- 
h i b i t i n g  super io r  q u a l i t i e s  o f  fa t i gue ,  energy absorpt ion,  and f o r m a b i l i t y  
when compared t o  most o f  t h e  o t h e r  sheet ma te r ia l s .  

The 5XXX s e r i e s  aluminum sheet ma te r ia l  i s  included because of  i t s  low- 
c o s t  s t r u c t u r a l  e f f i c i e n c i e s .  I t  a l s o  has good f o r m a b i l i t y .  

Type 6061-T6 i s  nex t  i n  importance t o  2024-T3 c l a d  as a ma te r ia l  candi -  
date. I t s  low cost ,  coupled w i t h  i t s  h igh  co r ros ion  res i s tance  and h igh  s t r e s s  
co r ros ion  res is tance,  f o r m a b i l i t y ,  and energy absorp t ion  c h a r a c t e r i s t i c s ,  
makes it extremely a t t r a c t i v e .  
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Type X7005 aluminum a l l o y  i s  one o f  t h e  more r e c e n t l y  developed mate- 
r i a l s .  I t  can be e a s i l y  brazed, soldered, o r  welded and s t i l l  ma in ta in  i t s  
h igh  p r o p e r t i e s  w i t h o u t  r e q u i r i n g  s o l u t i o n  heat  t r e a t i n g  af terwards.  I t s  low- 
quench s e n s i t i v i t y ,  e l i m i n a t i n g  severe d i s t o r t i o n  du r ing  c o o l i n g  a f t e r  heat 
t reatment,  makes t h i s  a l l o y  a m a t e r i a l  candidate. 

Types 7075-T6 
s t r e n g t h  aluminum a l  
c o r r o s i o n  res  i stance 
c h a r a c t e r i s t i c s  a r e  
b i t  s u p e r i o r  t e n s i l e  
num a l l o y s  when used 

t u r a  I 
I t s  h 

and 7178-T6 a r e  included as they represent  t h e  h ighes t  
oys a v a i l a b l e  today. Whi le t h e i r  c o r r o s i o n  and s t ress -  

f o r m a b i l i t y ,  energy absorpt ion,  and quench s e n s i t i v i t y  
n f e r i o r  t o  some o f  t h e  o t h e r  aluminum a l l o y s ,  they exh i -  
s t r u c t u r a l  e f f i c i e n c i e s  and w i l l  outper form o t h e r  alumi-  
i n  areas o f  h igh- load i n t e n s i t y .  

AZ 31B-H24 magnesium a l l o y  has super io r  
e f f i c i e n c i e s  and is ,  therefore,  l i s t e d  w 
gher c o s t  and lower c o r r o s i o n  res i s tance  

c o l  umn 
t h  t h e  
make i 

and shear buck1 ing s t r u c -  
aluminum sheet m a t e r i a l .  

a less l i k e l y  candidate.  

EXTRUSIONS a r e  used ma in l y  as f l a n g e  ma e r i a l  n beams and major bu lk-  
heads, s t r i n g e r  m a t e r i a l  i n  wide columns ( fuse lage  semi-monocoque, wing-p late 
s t r i n g e r ) ,  and s t i f f e n e r s  i n  h igh- loading i n t e n s i t y  areas. 

Type 2014-T6 i s  g e n e r a l l y  used f o r  sec t i ons  g rea te r  than 0.125-inch 
t h i c k  where i t s  low cost ,  t oge the r  w i t h  i t s  h i g h - y i e l d  s t rength,  makes i t  a 
d e s i r a b l e  candidate.  

Type 2024-T4 ex t rus ions  a r e  commonly found i n  l i g h t  a i r c r a f t  f o r  sec- 
Th is  a l l o y ,  i n  a d d i t i o n  t o  having good s t r u c -  t i o n s  under 0,125-inch t h i c k .  

t u r a l  e f f i c i e n c i e s ,  e x h i b i t s  super io r  f a t i g u e  and energy-absorption q u a l i t i e s .  

Type 6061-T6showsconsiderabIe promise f o r  ex t rus ions  r e q u i r i n g  t h i n  
sec t i ons  and h igh  c o r r o s i o n  res is tance,  The low cost,  h igh  energy absorpt ion,  
and s t ress -co r ros ion  res i s tance  o f  t h i s  a l l o y  make it an e x c e l l e n t  candidate. 

The 7075 and 7178 e x t r u s i o n s  have t h e  h ighes t  mechanical p r o p e r t i e s  o f  
t h e  aluminum a l l o y s .  While t h e  T6 tempers a re  r e l a t i v e l y  low i n  s t ress -  
c o r r o s i o n  res i s tance  and energy-absorption c a p a b i l i t i e s ,  t h e  T73 temper o f  

l e n t  i n  both respects  and warrants cons ide ra t i on  i n  t h e  f i n a l  
candidate mater ia  I s .  

7075 i s  exce 
s e l e c t i o n  o f  

Mg Y t  
press ion y i e  
w i t h  i t s  low 

rium-T5 i s  a new h igh-st rength magnesium a l l o y .  I t s  h igh  corn- 
d s t r e n g t h  ( improving the  compressive tangent  modulus), coupled 
densi ty ,  makes i t  t h e  most e f f i c i e n t  o f  a l l  t h e  m e t a l l i c  candi-  

dates when used i n  compression c r i t i c a l  s t r u c t u r e s .  However, t h e  p r o j e c t e d  
c o s t  o f  $6.00 pe r  pound f i f t e e n  years from now reduces i t s  chances o f  becoming 
a prime candidate.  

CASTINGS a r e  used main ly  f o r  r o t o r  mechanisms, wheel hubs, pu l l eys ,  
brackets, be l lc ranks,  and va r ious  f i t t i n g s .  
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A356-T61 and 359-T61 a r e  premium-quali ty composite mold cast ings.  A l -  
though they  a r e  i n  general  use today, a n t i c i p a t e d  h igh  produc t ion  r a t e s  f o r  
l i g h t  a i r c r a f t / h e l i c o p t e r s  make these a l l o y s  less  l i k e l y  candidates than a 
permanent mold o r  d ie -cas t  m a t e r i a l .  

Type 356-T6 i s  a permanent mold c a s t i n g  a l l o y  i n  general use today, and 
it appears it w i l l  remain a l i k e l y  candidate i n  t h e  f u t u r e .  

AZ 91C-T6, a v a i l a b l e  as a permanent mold cas t ing ,  i s  one of t h e  most 
common magnesium cas t i ngs  i n  use today. 

CORE MATERIAL (Ref. Table 111) i s  used i n  honeycomb-sandwich con- 
s t r u c t i o n s .  Type 3003 1/4-inch c e l l ,  2.3 pounds pe r  cub ic  foot  aluminum honey- 
comb co re  i s  considered t o  be t h e  most promising candidate.  I t  i s  o f  adequate 
s t r e n g t h  f o r  l i g h t  a i r c r a f t  c o n s t r u c t i o n  and i s  o n l y  a f r a c t i o n  of t h e  c o s t  
o f  t h e  expensive r s i n f o r c e d  p l a s t i c  honeycomb. 

COMPARATIVE SHEAR CRIPPLING EFFlClENCfES 

0 20 40 60 80 

5086-H32 (SHEET) 
5456-H343 (SHEET) 
2024-T3 (SHEET) 
2024-T3 CLAD (SHEET) 
6061-T6 (SHEET) 
X7005-T6 (SHEET) 
7075-T6 (SHEET) 
7178-T6 (SHEET) 
181 CLOTH/E-GLASS 
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COMPARATIVE COLUMN E F F I C I E N C I E S  

0 20 40 60 80 
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COMPARATIVE TENSION E F F I C I E N C I E S  
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Non-Metal l ic  M a t e r i a l s  (Ref. Table V )  

NON-REINFORCED THERMOPLASTICS a r e  used f o r  f a i r i n g s  and f o r  low-stressed 
s k i n .  

ABS (High Modulus) i s  low i n  c o s t  and can be molded t o  shapes. Th is  
ma te r ia l ,  a l though n o t  h i g h l y  flammable, w i l l  suppor t  combustion. 

CHOPPED FIBER-REINFORCED PLASTICS a r e  bes t  adapted f o r  areas of low - 
loading i n t e n s i t y  such as secondary f i t t i n g s ,  f a i r i n g s ,  and low-stressed sk in .  

3/8 E-Glass/Nylon 6/10, i s  a medium-cost i n j e c t i o n  moldable thermo- 
p l a s t i c  re in fo rced  w i t h  1/4-inch t o  3/8-inch long g lass  f i b e r s  (30% by we igh t ) .  
I t  i s  f i n d i n g  use i n  t h e  design o f  next-generat ion commercial t r a n s p o r t s  i n  
such areas as access covers f o r  wing f u e l  tanks.  Nylon 6/10 i s  a se l f -ex-  
t i n g u i s h i n g  ma te r ia l  f rom t h e  standpont o f  f l ammab i l i t y :  

E-Glass/Polyester i s  a low-cost d iscont inuous g lass  f i b e r ,  re in fo rced  
po lyes ter - type  sheet molding compound. Fa i r ings ,  low-stressed sk ins,  and 
f i t t i n g s  a r e  poss ib le  areas o f  a p p l i c a t i o n  f o r  t h i s  ma te r ia l .  I t  i s  a l s o  a 
f lame-retardant  (non-burning) ma te r ia l .  

1-inch S-Glass/Epoxy, a one-inch chopped f i b e r  system w i t h  an epoxy 
mat r ix ,  i s  a h igh-st rength,  h igh-cost  ma te r ia l  used i n  h e l i c o p t e r  wheels. 

CLOTH REINFORCED THERMOSETS may be used f o r  a l l  t ypes  of  s t r u c t u r e s  by 
p r o v i d i n g  t h e  optimum f i b e r  o r i e n t a t i o n  f o r  each t ype  o f  loading. 
bes t  used i n  m u l t i - l a y e r  combinat ions i n  laminates o r  i n  sandwich cons t ruc t ion .  

They a r e  

Type 143 Cloth/E-Glass i n  an epoxy m a t r i x  i s  used i n  laminate and sand- 
wich form i n  l i g h t  a i r c r a f t  and he l i cop te rs .  I t s  use i s  r e s t r i c t e d ,  as a r u l e ,  
t o  secondary s t r u c t u r e .  However, t h e  advancing s t a t e  of  t h e  a r t  of  f i b e r g l a s s  
composites and r e s i n  systems ind i ca tes  t h a t  t h i s  ma te r ia l  i s  a candidate f o r  
pr imary s t r u c t u r e .  

Type 143 Cloth/S-Glass and epoxy m a t r i x  system i s  a h igher -s t rength  and 
h igher-cost  composite than t h e  E-Glass system. I t  i s  a candidate ma te r ia l  when 
s t r u c t u r a l  e f f i c i e n c i e s  outweigh ma te r ia l  cost ,  or  can be shown c o s t  e f f e c t i v e .  

UNIDIRECTIONAL FILAMENT-REINFORCED COMPOSITES a r e  i n  t h e i r  in fancy a t  
present.  Most of t h e  composites a r e  extremely expensive and a r e  being used 
o n l y  i n  i s o l a t e d  cases. However, t h e i r  super io r  s t r u c t u r a l  e f f i c i e n c i e s  
i n d i c a t e  t h a t ,  p ro jec ted  ahead f i f t e e n  years from now, these composites, w i t h  
reduced costs,  w i l l  be p o t e n t i a l  candidates.  They should be laminated i n  
var ious  f i b e r  o r i e n t a t i o n s ,  depending on t h e  loading cond i t i ons .  
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Graphi te  f i lament/epoxy m a t r i x  composite e x h i b i t s  except ional  s t r u c -  
t u r a l  e f f i c i e n c i e s  due t o  low dens i t y  and h igh modulus. 

S-Glass/epoxy m a t r i x  composites show super io r  t ens ion  e f f i c i e n c i e s  and 
modulus as compared w i t h  Graphite; however, t hey  do n o t  compare w i t h  t h e  
column and shear buck l i ng  e f f i c i e n c y  o f  t h e  Graphi te  system. 

WOOD has been used as pr imary and secondary s t r u c t u r e  i n  l i g h t  a i r c r a f t  
f o r  many years. Although aluminum a l l o y s  have predominated t h e  l i g h t  a i r c r a f t  
f i e l d  f o r  t h e  pas t  decade, t h e r e  a r e  s t i l l  a few a i r p l a n e s  being const ructed 
o f  wood. Genera l ly  speaking, a wooden s t r u c t u r e  (such as a wing) i s  aero- 
dynamical ly smoother and l i g h t e r  than i t s  metal counterpar t .  However, it i s  
a l s o  more expensive t o  b u i l d .  
i t s  h ighe r  maintenance c o s t  due t o  weathering and mois ture absorpt ion.  

Another disadvantage t o  wood c o n s t r u c t i o n  i s  

Sitka-Spruce i s  probably t h e  most common wood used i n  l i g h t  a i r c r a f t .  
I t  has a column e f f i c i e n c y  more than t w i c e  t h a t  o f  t h e  aluminum a l l o y s .  

Mahogany ( p o p l a r  co re )  plywood i s  one of t h e  more common woods used f o r  
sk ins .  I t s  shear buck l i ng  e f f i c i e n c y  i s  t w i c e  t h a t  o f  t h e  aluminum a l l o y s .  

Spruce-Staypak i s  a conlpressed wood w i t h  g r e a t l y  increased mechanical 
p r o p e r t i e s  and h ighe r  dens i t y .  
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EVALUATION OF PROMISING CANDIDATE MATERIALS 

The promising candidates a r e  now compared on t h e  bas i s  o f  types o f  mem- 
bers and concepts. Composites, which a r e  an iso t rop i c ,  r e q u i r e  some mention 
being made as t o  a l lowables versus f i b e r  o r i e n t a t i o n .  When these m a t e r i a l s  i n  
s ing le - l am ina te  c o n f i g u r a t i o n  a r e  loaded a t  an angle t o  t h e  d i r e c t i o n  o f  t h e  
f i b e r s ,  t h e i r  s t r e n g t h  i s  reduced considerably .  The reduc t i on  i n  a l l owab le  i s  
a f u n c t i o n  o f  t h e  angle. F igu re  17 i l l u s t r a t e s  t h e  e f f e c t  due t o  t h e  low shear 
t r a n s f e r  c a p a b i l i t y  o f  t h e  r e s i n  m a t r i x .  For  t h i s  reason, composite systems 
a re  normal ly found i n  va r ious  combinations o f  f i b e r - o r i e n t e d  layers.  As an 
example, a wing s k i n  panel c a r r y i n g  t o r s i o n  might  r e q u i r e  t h r e e  layers w i t h  t h e  
f o l l o w i n g  o r i e n t a t i o n  (see F igu re  16): 

SKI N PANEL F 1 BER OR I ENTAT ION 

SPAR 

F igu re  16 

Layers ( 1 )  and ( 3 )  s t a b i l i z e  t h e  panel aga ins t  shear buck l ing;  w h i l e  
l aye r  ( 2 )  r e s i s t s  t h e  d i r e c t  shear and a x i a l  loading i n  t h e  panel sk in .  F igu re  
17 a l s o  shows v a r i a t i o n  i n  s t r e n g t h  w i t h  several combinations o f  f i b e r  o r i e n t a -  
t i o n s .  F igu re  18 i n d i c a t e s  v a r i a t i o n  i n  compression modulus w i t h  change o f  
f i l a m e n t  d i r e c t i o n .  Basic good design p rac t i ces ,  when us ing  laminated s t r u c -  
t u r e ,  a r e  presented i n  F igu re  19. F ibe r - to - res in  m a t r i x  p r o p o r t i o n  i s  another 
important r e l a t i o n s h i p ,  s t rengthwise.  A r e s i n - r i c h  composite i s  weakened by 
t h e  i n f l uence  o f  t h e  lower s t r e n g t h  ma t r i x ,  w h i l e  a res in -s ta rved  composite i s  
u n s a t i s f a c t o r y  because o f  i n s u f f i c i e n t  bonding between each f i b e r .  I n  f i l a m e n t -  
wound s t ruc tu res ,  70-to-85 percent  by volume i s  considered normal for  f i b e r  
content.  Included i n  t h e  comparisons, where appropr iate,  a r e  several  composite 
laminate combinations. A summary o f  t h e  bas i c  p r o p e r t i e s  o f  candidates i s  pre- 
sented i n  Table V. For more d e t a i l e d  o r  added in fo rma t ion  see Ref. 15 
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STRENGTH VS ANGLE OF STRESS I N  TENSION FOR UNIDIRECTIONAL AND MULTI -  
DIRECTIONAL LAYUPS OF EQUIVALENT MATERIAL AND THICKNESS (REFERENCE 15 a n d  26) 

FIBERS ARE ORIENTED 
AT Oo TO EACH OTHER, 
G I V I N G  MAXIMUM 
STRENGTH PARALLEL 
TO WARP 

t 
NINETY-DEGREE ORIENTA- 
T I O N  GIVES LESS MAXI -  
MUM STRENGTH, BUT EQUAL 
STRENGTH FOR PARALLEL 
AND PERPENDICULAR 
LOAD I NG 

F i g u r e  17 

T H I S  FABRIC ORIENTA- 
T I O N  Y IELDS S T I L L  
LESS MAXIMUM STRENGTH, 
BUT EQUAL STRENGTH 
I N  EACH DIRECTION OF 
F I BER WARP 

8 
W 
I 
0 

X 

c 

6 

V 
W 

2 

0 

% i n  Oo DtRECTION 

F igure 18 
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RELATION BETWEEN DIRECTION OF LAMINATIONS 
AND DIRECTION OF LOAD APPLICATION 

I TENS I ON - _F 

RECOMMENDED UNDES I RABLE 1 
T E N S I L E  STRESSES SHOULD BE SUSTAINED BY LAMINATIONS, NOT ACROSS BONDING PLANE 

COMPRESSION 

RECOMMENDED - 
FLATWISE AT RIGHT ANGLE TO LAMINATIONS EDGEWISE PARALLEL TO LAMINATIONS 

COMPRESSION STRENGTH OF LAMINATES IS GREATER FLATWISE THAN EDGEWISE 

FLEXURE 

RECOMMENDED - 
FLATWISE A T  RIGHT ANGLE TO SPAN LAMINATIONS AT RIGHT ANGLE TO SPAN 

BENDING STRESSES SHOULD BE SUSTAINED BY LAMINATIONS, NOT ACROSS BONDING PLANE 

SHEAR - 

RECOMMENDED - UNDESIRABLE 
FLATWISE AT RIGHT ANGLES TO LAMINATIONS EDGEWISE PARALLEL TO LAMINATIONS 

SHEARING STRESSES SHOULD OCCUR I N  A PLANE NORMAL TO LAMINATIONS 
TO PREVENT CLEAVAGE ACROSS BONDING PLANES 

BEAR I NG 

RECOMMENDED - UNDESIRABLE - 
LOAD DISTRIBUTED TO LAMINATIONS LOAD CARRIED THRU BOND 

BEARING STRESSES SHOULD BE APPLIED THRU LAMINATIONS 
RATHER THAN ACROSS BONDING PLANES 

F igu re  19 
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AXIALLY LOADED MEMBER 

Tens ion Members 

Figure 21 shows weight per inch versus 
axial load (4,000 pounds maximum) for the 
various materials. The ordinate provides for 
the use of  an efficiency factor which might 
be encountered under conditions of riveting 
or we1 d i ng. 

a n d f = K  F t W = A L W  , A = -  ef f 
P 
A L w  Derivations: f = - 

To develop curves of  - " efficiency versus Tension Load P , let: L 
P = Stress 

'eff W/L w -- cross sec-ifan area 
= Weight 
= Density 
= Efficiency factor 

= 

Keff + =  ~ (Figure 21) F/w 

Ib/in 

1 oc 

5c 

c 
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Structural indexes were used to assist in the evaluation of promising 
As defined in reference 

For a 

candidate materials when applied as simple columns. 
27, a structural index is a measure of loading intensity and has the advantage 
of eliminating the ef'fect of size in dealing with allowable stresses. 
simple column, the structural index becomes P/L2. Derivations: 

Primary buck1 ing F = I T  C (T) [E) [e 
- - JEEt 

K2 - 
D/t 

and crippling 

Equating the two equations gives optimum value o f  D/t 

/ 3  
2 113 

K2 E 
ITP/L2 

(D/t)op+ = 2(-) 
Figure 22 plots D/t ratios versus structural index for the inaterials under 

= ,742 (%2] 
CK2 = .40 (Reference 27) 1 

consideration. 

ROUND TUBE COLUMN OPTIMUM (+) RATIOS 

Figure 22 
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To obtain allowable compression stresses for optimum round tube columns, sub- 
stitute the value for optimum in the primary buckling equation: D / t  

8 f  3 - - 6.37f  For study purposes, 

CY 
limit f to .80F . P / L 2  = 

1/2 3/2 1/2 3/2 

Et E Et 
T K ~ E  

The allowable F may then be calculated and plotted for various materials, as 
shown in Figure 2 3 ,  C 

OPTIMUM (MAXIMUM) STRESS ROUND TUBE COLUMNS 
200 

100 

40 

.- 
rn 70 

4 S I T K A  SPRUCE S I T K A  SPRUCE 

-- 
2 

1 
.01 .02 .04 .2 1 2 4 10 

Figure 23 
It is now possible to develop a formula for minimum weight, as follows: 

P (w) / L 2  

FC 
( 1 )  Divide structural index by allowable 

Fc and multiply by density of material: 
P 
F_ AL (2) By substituting - =  A & w = the following identity is obtai n- 

ed: WC/L3 = - p/L2 , where C is restraint coefficient. 
Fc/w 

Values for WC/L3 versus P / L 2  may now be determined and plotted for a number 
of materials (see Figure 24). 
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MINIMUM WEIGHT ROUND TUBE COLUMNS 
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Compression S t r u c t u r e  F igu re  2 4  

dur ing  t h e  design o f  compression c r i t i c a l  sec t ions  of t h e  a i r f rame.  The sec- 
t i o n  under compression i s  genera l l y  t r e a t e d  e i t h e r  as a wide column o r  a com- 
press ion  panel. The wide-column approach i s  used when t h e  length  of t h e  panel 
i s  s h o r t  compared t o  i t s  width, as i n  a m u l t i - r i b  wing box. A compression 
panel concept i s  assumed when t h e  length  of  t h e  panel i s  long compared t o  i t s  
width,  as i n  a mu l t i - spa r  wing box. 

which p rov ide  simple supports f o r  loaded edges o f  t h e  column. The f o l l o w i n g  
equat ion,  taken from re fe rence 28, i s  a r e s u l t  o f  equat ing  general and loca l  

Probably t h e  most d e t a i l e d  and ex tens ive  eva lua t i on  o f  s t r u c t u r e  occurs 

The wide-column a n a l y s i s  assumes pr imary  b u c k l i n g  between t h e  r i b s ,  

i n s t a b i  I i t y  formulas: 
Where: Nx = 

L =  

NX = E (? /L)  
L?E 

- 
r l =  
E =  
t =  
E =  

- 

The a n a l y s i s  of  compression panels 

compressive load i n  pound/inch 

length  o f  column i n  inches 
p l a s t i c i t y  reduc t i on  f a c t o r  
modulus of  e l a s t i c i t y .  Dsi 
c ross-sec t iona l  area per  u n i t  
e f f i c i e n c y  f a c t o r ,  a f u n c t i o n  

buck l i ng  c o e f f i c i e n t  & shape 

w id th  
O f  

f a c t o r  

is based upon a l l  edges o f  t h e  panel 
be i ng s imp I y supported, wh'i I e p I a te '  theory  express ions  f o r  I oca I and genera 1 
s t a b i l i t y  a r e  equated t o  o b t a i n  t h e  f o l l o w i n g  equat ion:  

Where: b = w id th  o f  p l a t e  
n = an exponent which i s  a f u n c t i o n  

of  c o n f i g u r a t i o n  
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I n  t h e  e v a l u a t i o n  o f  wide-column and compression panel concepts, t r u s s  
co re  sandwich, honeycomb sandwich, f l a t  p la te ,  and zee -s t i f f ened  p l a t e  c 
s t r u c t i o n  w i l l  be considered f o r  each case. 

p resen 
erence 
for  a l  

Is 
o f  z e e - s t i f f e n  

, was taken as un i  
cases. 

TABLE VI 
MINIMUM AREA EQUATIONS FOR OPTIMIZED WIDE COLUMNS 

!PRESSION PANELS (Reference 2 8 )  AND 0 

TYPE OF CONSTRUCTION 

Zee-St i f fened P l a t e  

Truss Core Sandwich 

F l a t  ( u n s t i f f e n e d )  
PI a t e  

WIDE COLUMN 

= 0.911 (:/LIZ NX 

LE 

Nx 
LE = 0.605 (? /L I2  

Nx 
LE 

= 0.823 ( ? / L I 3  

COMPRESSION PANEL 

- 1,030 ( f / b ) 2 * 3 6  

- 1.108 ( t / b I 2  

NX 

NX 

NX 

-- - 
bE 

--  
bE 

- =  3.62 ( f / b I 3  bE 

Minimum area curves f o r  t r u s s  core sandwich, honeycomb sandwich, f l a t  
p la te ,  and zee -s t i f f ened  p l a t e  o f  wide column and compression panel construc- 
t i o n  a r e  shown i n  F igures 25 and 26.  

The zee -s t i f f ened  p l a t e ,  f l a t  p l a t e ,  and t r u s s  co re  curves were devel-  
oped from t h e  data i n  Table V I .  Minimum area curves f o r  honeycomb sandwich 
were obta ined from reference 28. Curves were generated by c a l c u l a t i n g  t y p i c a l  
weights and s t rengths,  and a l g e b r a i c a l l y  conve r t i ng  t h e  r e s u l t s  t o  t h e  general 
form o f  t h e  o t h e r  c o n f i g u r a t i o n s .  As s t a t e d  i n  re fe rence  28, t h e  h igh  e f f i -  
c iency o f  honeycomb sandwich c o n s t r u c t i o n  i s  a t t r i b u t e d  t o  t h e  f a c t  t h a t  t h e  
f u l l  compressive s t r e n g t h  o f  face sheets can be u t i l i z e d  by reducing t h e  c e l l  
s i z e  o f  t h e  honeycomb core. 

A panel o p t i m i z a t i o n  computer program was used i n  re fe rence  19 f o r  
e v a l u a t i n g  numerous fi lament-wound m a t e r i a l s  i n  t r u s s  co re  and honeycomb 
sandwich cons t ruc t i on .  These con f igu ra t i ons ,  i n  t h e i r  optimum p r o p o r t i o n s  
o f  u n i d i r e c t i o n a l  t o  cross-p ly  f i b e r s  a r e  p i c t u r e d  i n  F igu re  27. By u t i l i z -  
ing data from re fe rence  19, optimum weight and corresponding core th i ckness  
versus s t r u c t u r a l  index may be d rmined f o r  g r a p h i t e  and S-Glass wide 
columns and compression panels. 
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MINIMUM AREA CURVES - WIDE COLUMN CONCEPT 

N, 
LE 

- AREA t =  W I DTH 

F igu re  25 
- 
t = Equ iva len t  c ross  sec t i ona l  a rea /un i t  w id th  of panel 

o f  a l l  ma te r ia l  e f f e c t i v e  i n  c a r r y i n g  a x i a l  load. 

MINIMUM AREA CURVES - COMPRESSION PANEL CONCEPT 

NX 

bE 

t =  AREA 
W I DTH 

Figure 26 
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SANDWICH PANELS 

UN I D 1 RECT 1 ONAL ( O o  ) FLUTE 
FILLER OF 1/3 FACING VOLUME 7 FACE SHEETS AND FLUTE -71 

ORIENTED AT 

CORRUGATION SANDWICH PANEL 

F igure  27 

7 UNIDIRECTIONAL ( O o )  SPAR CAPS 
OF 404% FACING VOLUME 

HONEYCOMB SANDWICH PANEL 

Resu l t i ng  va lues a re  p l o t t e d  i n  F igures 28 through 30. Opt imized con- 
f i g u r a t i o n  weights r e f l e c t  +45O f i b e r  o r i e n t a t i o n  i n  t h e  sk ins  f o r  t h e  most 
e f f i c i e n t  a l ignment t o  r e a c t  t o r s i o n a l  shear. 
,020 inches. Four f a i l u r e  modes considered were: general buckl ing,  face 
wr ink l i ng ,  i n t e r c e l  I buck1 ing, and shear cr imping.  

Minimum s k i n  gages a r e  s e t  a t  

Minimum weight 
i n  F igures  25 and 26, 

( 1 )  M u l t i p  

w f /  L 
(2) M u l t i p  

ENx/ 

diagrams can a l so  be developed from minimum area curves 
as fo l l ows :  

y o r d i n a t e  f / L  by ma te r ia l  densi ty ,  w : 

= W/bL2 because W = bLtw , w = W/bLt 

y abscissa Nx/LE 
E = Nx/L ; t h e  weight i s  thus  presented as a 

by ma te r ia l  modulus, E : 

f u n c t i o n  o f  t h e  s t r u c t u r a l  index: Nx/L ( o r  q /L ) .  

Minimum weights f o r  var ious  m a t e r i a l s  and concepts a r e  shown i n  

I n  t h e  d iscuss ion  o f  sheet s t r i nge r - t ype  wide columns, mention should 

F igures 32 and 33, 

be made of  extruded Y s t r i n g e r s  developed by NACA (NACA TN 1389) f o r  in -  
c reas ing  a l lowab le  s t resses  i n  compression s t ruc tu res .  F igu re  34 compares a l -  
lowable s t r e s s  versus s t r u c t u r a l  index o f  sheet s t r i n g e r  wide columns con- 
s t r u c t e d  o f  2024 and 7075 Y-s t r ingers  aga ins t  a 2024 convent ional  s t r i n g e r  
enve I ope. 

These same cons t ruc t i ons  a r e  compared on a weight  bas is  i n  F igu re  35 
which was der ived  from optimum s t r e s s  curves by d i v i d i n g  Nx/L by Fc and 
then m u l t i p l y i n g  by w t o  ob ta in :  

(Nx/L) ( l/Fc) ( w )  = tw/L = W/bL2 
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THEORET I CAL VS OPT I MUM WIDE COLUMN WE I GHTS 
GRAPHITE AND S-GLASS FILAMENT SANDWICH CONSTRUCTION 
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1 
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THEORETiCAL VS OPTIMUM COMPRESSION PANEL WEtGHTS 
GRAPHITE AND S-GLASS FfLAMENT SANDWICH CONSTRUCTION 

GRAPHITE T.C. 

S-GLASS T.C. 

GRAPHITE T.C. 

10 20 30 50 100 200 300 500 1000 
Nx/ b 

Figure  29 
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THEORETICAL VS OPTIMUM CORE THICKNESSES 
GRAPHITE AND S-GLASS FILAMENT SANDWICH CONSTRUCTION 

- Nx (COMPRESS I ON PANEL 
40 60 80 100 b 200 400 600 

H.C. = HONEYCOMB CORE 

S-GLASS H.C. 

S-GLASS T.C. 

GRAPHITE T.C 

40 60 80 100 200 400 600 

N, ( w I DE COLUMN) 

F i g u r e  30 
L 

901 

tc 40 
L 

308 

20 

W 

b L 2  
- 

OPTIMUM WEIGHT - WIDE-COLUMN CONCEPT 

IO 20 30 40 60 80 100 200 400 600 

Nx 
L 
- 

Figure  31 
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bL2 L 
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MINIMUM WEIGHT - WIDE-COLUMN CONCEPT 
2 

POPLAR PLYWOO 

1 

8 

6 

4 

3 
-GLASS TRUSS C 

2 
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ITE 2 STIFF. PLA 

1 

8 

6 

2024 HON.SAND. 

S-GLASS 2 STIFF. PLATE 

4 

3 200 300 500 1000 
IO 20 30 50 70 100 

NX - 
L 

FIGURE 32 

x10-3 

w w t  
b2L b 
- = -  

S.P. = STIFFENED PLATE 
F.P. = FLAT PLATE 

MINIMUM WEIGHT - COMPRESSION PANEL CONCEPT 

H.C. = HONEYCOMB SANDWICH = HONEYCOMB CORE 
T.C. = TRUSS CORE 
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OPTIMUM (MAX.) STRESS - WIDE COLUMNS 
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MINIMUM (OPT.) WEIGHT - WIDE COLUMNS 
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Shear Panels 

Wing, fuselage, and empennage s k i n s  on small a i r c r a f t  ( i n c l u d i n g  h e l i -  
cop te rs )  a r e  o f  l igh t -gage cons t ruc t i on .  Loading i n t e n s i t i e s  due t o  t o r s i o n a l  
shear a r e  low leve l ;  t he re fo re ,  t h e  panels a r e  normal ly  designed f o r  shear 
buck l i ng  a t  t h e  1-to-1.2 g l eve l .  T h i s  requirement i s  es tab l i shed  f o r  appear- 
ance purposes s ince  t h e  panel i t s e l f  has ample s t r e n g t h  t o  c a r r y  t h e  u l t i m a t e  
t o r s i o n a l  shear f l o w  as a tens ion  f i e l d  member. 

M a t e r i a l s  f o r  shear panel a p p l i c a t i o n  a re  compared on a th i ckness  bas i s  
i n  F igu re  36. 
process o f  t h e  shear b u c k l i n g  equat ion  f o r  f l a t  p l a t e s .  

Shear buck1 ing:  Tcr = panel w i  I I buck le  

The curves were ob ta ined through a s u b s t i t u t i o n  and d i v i s i o n  

KsEct2 Where: Tcr = shear s t r e s s  a t  which 

b2 Ks = shear buck l i ng  c o e f f i c i e n t  
dependent upon edge condi-  
t i o n s  around panel (Ref .F19,37) 

Tcr  = Nxy/ t f 

= q = t o r s i o n a l  shear f low;  b = s h o r t  s i d e  dimension of panel 

Theref o r e  : E, = compression modulus o f  e las -  
t = panel t h i ckness  NXY 

t i c i  t y  

KsEct  KsEct2 - - 

KsEct  3 
' Nxy b2 

N X y / t  = - 

Obtain  s t r u c t u r a l  index (absc issa)  : N /b  = 

Ca lcu la te  o r d i n a t e :  

b2 

= KsEc(t/b) 
b 3  3 -  XY 

t / b  JK, = (Nxy/bE)1/3 

Minimum weights versus s t r u c t u r a l  indexes f o r  f l a t  p l a t e  shear panel 
m a t e r i a l s  a r e  presented i n  F igu re  38. 
buck l i ng  equations, as mod i f i ed  f o r  minimum th i ckness  form, by ma te r ia l  den- 

Curves were de r i ved  by m u l t i p l y i n g  shear 

But :  W = wabt , w = W/abt 
s i t y ,  w : 1/3 

wt/b 3G = w (Nxy/bE) 

a = long s i d e  of  panel 
Where : W = panel we igh t  Therefore:  W/b2a = '6 = w (Nxy/bE) 1 / 3  

Shear buck l i ng  c o e f f i c i e n t s ,  K, , for va r ious  edge c o n d i t i o n s  a r e  shown 
i n  F igu re  36. 

Compress ion  F I anges 

I n  rev iewing  cand ida te  m a t e r i a l s  f o r  use as compression f langes  on spars 
and s i m i l a r  bending members, t h e  f o l l o w i n g  s t r u c t u r a l  index w i l l  be a p p l i e d  t o  
represent  c r  i pp I i ng e f  f i c i  ency : 

s =  q 
W 

T h i s  r e l a t i o n s h i p  i s  i n  general agreement w i t h  Needham's equat ion  f o r  
c r i p p l i n g  i n  re fe rence 29 and assumes b / t  , f lange  w id th  t o  th i ckness  r a t i o ,  
t o  remain constant.  

C r i p p l i n g  s t r u c t u r a l  e f f i c i e n c i e s  f o r  cand ida te  m a t e r i a l s  a r e  i I  IUS- 
t r a t e d  i n  F i g u r e  39. 
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Installation Costs 

In determining the feasibility of various structural mate 
the total cost of the installation must b ompared against the 

a pound of material saved. The 
s fabrication cost. In order to j u s  

of the following conditions must be satisfied: 

( 1 )  significant weight savings with no increase in 
total installation cost 

( 2 )  significant decrease in installation cost with 
no appreciable increase in weight 

significant weight savings with significant co 
sav i ngs 

( 3 )  

The dollar's worth value of a pound of weight saved for the typical four- 
place light airplane, which will be discussed in the following main section, has 
been calculated versus service life. See Figure 40. 

In the following evaluation of required break-even costs versus material/ 
concept, a $2.00 per pound value for a pound of weight saved will be used for 
the light aircraft, based on a 333 hr/yr utilization rate with an original 
single-owner expectancy of 20 years. See Appendix B for a detailed discussion. 

WORTH IN DOLLARS PER POUND OF WEIGHT SAVED 

DOLLAR VALUE 
PER POUND 

SAVED 

SERVICE LIFE (years) 

Figure 40 
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A t y p i c a l  l i g h t  a i r c r a f t  w i l l  be used as a base l ine  aga ins t  which 
T h i s  a i r p l a n e  u t i l i z e s  aluminum sheet weights and c o s t s  w i l l  be compared. 

metal s t r i n g e r - s t i f f e n e d  cons t ruc t ion ,  w i t h  a two-spar wing. I t s  i n s t a l l a -  
t i o n  c o s t  p e r  pound, Cib, i s  $7.00 f o r  an empty weight  o f  I500 [bs .  (ref.pg.10). 

To determine t h e  requ i red  break-even f a b r i c a t i o n  c o s t  pe r  pound fo r  
candidate mater ia ls /concepts,  the f o l l o w i n g  d e r i v a t i o n  is performed, n o t i n g  
t h a t  t h e  l e t t e r s  n and b i n  t h e  subsc r ip t s  i n d i c a t e  new candidate and base 
l i n e  ma te r ia l s ,  respec t i ve l y :  

I n s t a l l a t i o n  Cost = Ma te r ia l  Cost + Fabr i ca t i on  Cost; P . =  P + P 
I m f  

3c Where: P 

* Therefore:  p i  = w(cm + c f ) .  S u b s t i t u t i n g  candidate m a t f l  f o r  base l i n e  ma t ' ! :  

= M a t ' I  Cos t / lb  x Weight = CmW, And: Pf =Fab 'nCos t / I b  x Weight = CfW 
m 

Price Increase 2 
Dol t a r ' s  worth of  a pound of ma te r ia l  saved, o r  

Weight Decrease AW w 5 C 

Where: AP = P - Pib = W n ( C m n  + Cfn)- W b ( C m b  + Cfb), and AW = W b  - W i n  n 

Wn(cmn + 'fn)- 'b('mb "fb) , but: wn = /s 
W . Wb - wn b b n  0 Therefore,  C = 

Where: S = s t r u c t u r a l  e f f i c i e n c y  of  base l ine  ma te r ia l  b 

S-  = s t r u c t u r a l  e f f i c i e n c y  of  new candidate ma te r ia l  

Re-arrange, i n  terms o f  new candidate f a b r i c a t i o n  c o s t  requ i red  t o  break even 
on mate r ia l  change: 

(I - S b / S n i C w ) + ( C m b  t Cfb)=(Sb/Sn)(C,, + Cfn). F i n a l l y ,  t h e  requ i red  fab r i ca -  

t i o n  c o s t  i s :  

- 
'in - 'fn + 'mn From which t h e  requ i red  i n s t a l l a t i o n  c o s t  i s :  

The maximum breakeven f a b r i c a t i o n  and i n s t a l l a t i o n  cos ts  f o r  m a t e r i a l /  
concepts used as tens ion  members, shear panels, s imple columns and wide c o l -  
umns and compression f langes  a r e  ca l cu la ted  i n  Tables V I 1  and VIII. 
case of wide columns, non-optimum f a c t o r s  due t o  p r a c t i c a l  s t r i n g e r  spacing 
and joint re in forcement  a r e  accounted fo r  i n  c a l c u l a t i n g  breakeven cos ts  
( r e f .  Table VIII). 

* Mat11 = Ma te r ia l s ;  Fab' = F a b r i c a t i o n  

I n  t h e  
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TABLE VII 

BREAK-EVEN VS ACTUAL FABRICATION & INSTALLATION COSTS 

Base l ine  M a t e r i a l  = 2024-T3 Clad, Sb = 

+ 5. 

Base l ine  M a t e r i a l  = 2014-T6 E x t r .  

MG Y t t r i  urn-T5 
Graph i te  (Oo) 
S-Glass (Oo) 

I " S-G I ass/Epoxy 
S i t k a  Spruce 
Spruce-Staypak 

- 
'ib - 'mb +- 

ZKGO A-T 5 

90 = 

' 'b 

6.56 

8.45 
12.30 
14.95 

9.20 
6.27 
4.74 

= Ftu/ 

9.58 
13.30 
17.00 

I I .20 
6.92 
6.74 

590 w =  

6.87 

COMPRESSION FLANGES 
Base l ine  M a t e r i a l  = 6061-T6, Sb = J F  

2014-T6 E x t r .  
I :' S-G I ass/Epoxy 

MG Y t t r i u m  T-5 
Graph i te  (6) 
S-Glass ( 6 )  

Ec/w = 599 
CY 

= 0.44 + 5.90 = 6.34 - 
'ib - 'mb 'fb 

8.57 
14.00 
9.90 

16.95 
I I .25 

w 

ACT1 - 
'f n 

FABR. 

( 5 )  
- 
___I__ 

5.90 

11.80 

5.90 
5.90 
8.85 

8.85 

5.90 

8.85 
5.90 

I I .80 
I L.80 
5.90 

8.85 

- 

5.90 
5.90 
5.90 
8.85 
8.85 

111 

- - 
i n  
NSTL 

II 

7.0( 
9.81 

13.81 

7.9( 
6.51 

10.8' 
II 

I I .9( 
9.8' 

10.8' 
7.91 

12.4' 
13. i i  
8.91 
II 

6.8' 
7.91 

I I .91 
9.8' 

10.8' - 

FEASIBILITY 

3RKEVN 2 ACT 

Yes 
Yes 
Yes 

Yes 
Yes 
No 

No 
Yes 
Yes 
Yes 
No 
No 
No 

Yes 
Yes 
No 
Yes 
Yes 

( 1 )  ( 1 i n d i c a t e s  1982 es t ima te  ( 4 )  Formulas on p. 47 
( 2 )  Ref. pp. 21 and 27 ( 5 )  Ref. p. 50 & est imated 
( 3 )  Cw = $2.00/Lb. r e f  p. 46 (6 )  +45O Oo .) Oo O o  l ayers  
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Mater ia l /Concept F e a s i b i l i t y  

The f e a s i b i l i t y  o f  t h e  va r ious  mater ia l /concepts i s  
par isons o f  t h e  maximum a l l owab le  break-even f a b r i c a t i o n  c 
f a b r i c a t i o n  costs.  

The actual  f a b r i c a t i o n  cos ts  a r e  as f o l l o w s :  

Mater ia l /Concept 

Truss Core 15.00 

Aluminum zee s t r i n g e r  5.90 
Reinforced p l a s t i c  zee s t r i n g e r s  8.85 
Wood c o n s t r u c t i o n  I I .80 

Honeycomb sandwich 19.20 

Tables V I 1  and V I 1 1  a l s o  compare t h e  break-even f a b r i c a t i o n  cos ts  w i t h  
t h e  ac tua l  f a b r i c a t i o n  cos ts  f o r  t h e  var ious types o f  members. 

I n  t h e  f i n a l  a n a l y s i s  those mater ia l /concepts deemed feas ib le ,  a r e  review- 
ed from t h e  s tandpo in t  o f  change i n  purchase p r i c e  o f  airplane,change i n  operat -  
ing  cos ts  over 20 years (6667 h r . )  per iod,  and t h e  ne t  o v e r a l l  savings r e a l i z e d ,  

The wide column concept f o r  two d i f f e r e n t  s t r u c t u r a l  index l e v e l s  i s  
shown as an example i n  T a b l e V I I I .  The change i n  purchase p r i c e  o f  t h e  a i r p l a n e  
i s  determined as f o l l o w s :  

A$pp =(Wn C i n  - wb Cib)(Kp)(Kd),Where: 

Wn' Gin' 
def ined on p. 47 

wb9 'ib9 1 
K = 1.10 (based on IO$ p r o f i t  1 

K ~ = I .33 (based on 33% markup f o r  1 
P The r e f  o r e  : 

( d i s t r i b u t o r  and dea le r  1 a 

K K = 1.10 x 1.33 = 1.46 
"Pi3 = wb[(sb/sn)(", n)- 'i b] KpKd 

p d  

The change i n  opera t i ng  cos ts  over  20 years (6667 hrs . )  i s  based on t h e  
worth o f  a pound of m a t e r i a l  saved being equal t o  Cw=$2.00 ( r e f .  p. 46). 

Therefore:  ASoc '(wb - 'n)( c w) = w b (  1 - Sb/Sn) (Cw)  

The n e t  o v e r a l l  savings r e a l i z e d  i s  equal to:  

'savings = $ s ASoc - A$pp 

50 



APPLICATION OF MATERIALS AND CONCEPTS 

I n  t h i s  sect ion,  severa l  app rop r ia te  and 
m a t e r i a l s  w i l l  be app l i ed  t o  a conceptua 
a i r p l a n e  i l l u s t r a t e d  i n  F igu re  41, i s  a 
meeting t h e  c o n t r a c t  g u i d e l i n e s  o f  t h i s  study and 
"Far Term Ai rp lane" .  The g u i d e l i n e s  f o r  t h i s  a i r p  

TABLE IX 

FAR TERM AIRPLANE GUIDELINES 

Accommodations 

Passengers and crew 4 
w l g a g e  200 I bs. 

Cabin volume 112 ft.3 

Propu ls ion  

Maxi mum power 250 hp 
Maximum weight  380 I bs. 

Performance 

Endurance 4 hrs .  + 30 minutes 
152 knots  @ S.L.  V 

'cru i se 130 knots @ 5000 f t  

48 knots @ S.L. 
" s t a l  I 

Takeoff  d istance/50 f t .  I000 f t .  

Minimum r a t e  of  c l imb  1000 f t .  per  minute 

Serv ice  ce i  I ing  14,000 f t .  

max i mum 

These same mate r ia l  se lec t i ons  and a p p l i c a t i o n s  would be app l i cab le  fo r  o the r  
a i rp lanes  o f  s i m i l a r  s t r u c t u r a l  loading magnitudes and manufactur ing q u a n t i t i e s ;  
b u t  t h e  l i g h t  a i r p l a n e  d s i g n e r  i s  n o t  r e s t r i c t e d  t o  these same se lec t i ons .  The 
f o l l o w i n g  d iscuss ions w i l l  make apparent t h e  i n t e r - r e l a t i o n s h i p  o f  such consid- 
e r a t i o n s  as performance and c o n f i g u r a t i o n  s p e c i f i c a t i o n s ,  weight, cost ,  produc- 
t i o n  ra te ,  and manufactur ing method. 

Conf i q u r a t i o n  Determinat ion 

Table X l i s t s  t h e  dimensional s p e c i f i c a t i o n s  o f  t h e  a i r p l a n e  which 
s a t i s f i e s  t h e  c o n t r a c t  g u i d e l i n e s  i n  Table IX. 

c o n f i g u r a t i o n  were determined 
udy. These were t h e  wing 
e wing area and i n s t a l  led 

ered p I anform he quarter-chord.  
t y p i c a l  of mos ce l i g h t  a i r p l a n e  

um t rade -o f f  s t r u c t u r a l  i n t e g r i t y ,  
a i r f o i  I wing p r e c i a b l e  amount o f  
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TABLE X 

FAR TERM AIRPLANE SPECIFICATIONS 

Gross weight  
Power 
Wing 

Area 
Span 
Aspect r a t i o  
Taper r a t i o  
Root chord 
T ip  chord 
Mean aerodyn.chord 
Sweep 8 c/4 
D i  hedra I 
A i r f o i  I 

( W l  2977 I bs. 
(P I  250 BHP 

( S I  180 f t ?  
( b )  35.5 f t .  
(A?)  7.0 
(A) .6 
(Cr) 6.338 f t .  
( C t )  3.803 f t .  
(MAC) 5.173 f t .  
(A) 00 
( r )  5 0  

NACA 632-A215 

Center of g r a v i t y  t r a v e l  l0%-30% MAC 

I am 
t h e  
‘ ng 
s lo  
f o r  
25% 

nar  f l ow  
main spa 
edge s t a  
t e d  f l a p  
t h e  w i ng 
o f  chord 

con t inuous lv  

J e r t i c a l  t a i  I 
Area 
He igh t  
Aspect r a t i o  
Taper r a t i o  
Root chord 
T i  p chord 
Mean aerodyn.chord 
Sweep 
A i  r f o i  I 

-for i zonta I t a  i I 
A rea 
Span 
Aspect r a t i o  
Taper r a t i o  
Chord ( cons tan t  
Sweep 
A i  r f o i  I 

( S I  18.25 ft. ’  
( b )  5.06 f t .  
(A?) I .4 
(A) .5 
(c,) 57.5 in .  
(C,) 29.0 i n .  
(MAC) 54.7 in .  
(A) 35O 

NACA 0009 

( S I  40 ft.’ 
( b )  12.65 f t .  
(A?)  4.0 
( A  1 I .o 
(C 1 3.16 f t .  
(A) 00 

NACA 0012 

i f  ca re  i s  taken i n  manufactur ing a smooth upper sur face back t o  . Increas ing t h e  leading edge rad ius  by about 20% prevents lead- 
I a t  h igh  l i f t  c o e f f i c i e n t s .  A 70% of span, 25% o f  chord*, double 
w i t h  f i x e d  vane w i l l  p rov ide  a maximum l i f t  c o e f f i c i e n t  o f  2.3 

and 30% o f  span. 
Maximum extens ion angle o f  t h e  f l a p s  i s  40°. The a i l e r o n s  a re  

They a r e  s i m i l a r  t o  a p l a i n  sealed f l a p  and a r e  
, piano-hinged on t h e  upper sk in .  A i l e r o n  movement is 25O up and 

12B0 down. A tapered wing ( A  = .6) was se lected because o f  i t s  low weight, 
s t r u c t u r a l  e f f i c i e n c y  and s l i g h t l y  lower induced drag. Tapering a l s o  a l l ows  
g r e a t e r  t h i ckness  near t h e  r o o t  f o r  gear r e t r a c t i o n .  

The wing has a s i n g l e  spar located a t  40% o f  t h e  chord, which i s  approximately 
t h e  t h i c k e s t  p o r t i o n  o f  t h e  a i r f o i l  sect ion.  The low wing was se lected for  
crash worthiness, s t r u c t u r a l  cons iderat ions and ideal  main gear r e t r a c t i o n  
arrangement. 

The f u e l  i s  located e n t i r e l y  i n  i n t e g r a l  wing leading edge tanks 
(28  g a l l o n s  i n  each wing).  The tanks w i l l  be a t  t h e  outboard s e c t i o n  o f  t h e  
wing as f a r  as p o s s i b l e  from t h e  occupants, t o  reduce post-crash f i r e  hazards. 
No f u e l  w i l l  be c a r r i e d  a f t  o f  t h e  spar, t o  f a c i l i t a t e  a i l e r o n  and f l a p  con- 
t r o l s  i n s t a l l a t i o n .  A volume computation shows t h a t  t h e  f u e l  tanks w i l l  extend 
approximately 100 inches inboard from t h e  wing t i p s .  

*25% of chord for  e n t i  r e  f l a p  set ,  20% of chord f o r  main f I ap. 
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The h o r i z o n t a l  and v e r t i c a l  t a i l  areas were designed t o  g i v e  accept-  
ab le  t a i l  volumes f o r  t h i s  type  of a i rp lane .  The h o r i z o n t a l  t a i l  i s  an a l l  
moving s t a b i l a t o r  used for  s i m p l i c i t y  and c o n t r o l  e f fec t i veness .  
j u s t a b l e  an t i - se rvo  t a b  t o  p rov ide  c o n t r o l  f e e l  and t r i m .  

I t  has an ad- 

The cab in  volume i s  112 cu. f t .  (exc lud ing  baggage space). Minimum 
wid th  i s  3.67 f t .  
minimum width.  
accommodate f o u r  grl x 21l' x 31" su i tcases .  The cab in  w i l l  have an access door 
on each s ide.  
hand s ide  on ly .  

The c o n t r a c t  g u i d e l i n e s  were 112 cu. ft., and 3.50 f t .  
The baggage space exceeds 16 cu. f t .  and i s  arranged t o  

The baggage compartment w i l l  have an access door on t h e  r i g h t  
P a r t  of  t h i s  door w i l l  form t h e  wing r o o t  f i l l e t .  

The r e t r a c t a b l e  landing gear was decided upon because a t r a d e  o f f  
s tuay du r ing  t h e  performance of t h i s  c o n t r a c t  i nd i ca ted  i t w o u l d  r e s u l t  i n  a 
lower d i r e c t  ope ra t i ng  c o s t  p r o v i d i n g  t h e  u t i l i z a t i o n  exceeds 136 hours per  
year. I t  a l l ows  more e f f i c i e n t  performance w i t h  less power a t  a l l  speeds. The 
nose gear w i l l  r e t r a c t  i n  a convent ional  manner, between t h e  f r o n t  occupants. 
The main gear r e t r a c t s  inboard and a f t e r  t h e  main spar. 

Mater ia l /Concept  Se lec t i on  

The mater ia l /concepts  se lec ted  f o r  t h e  va r ious  a i r p l a n e  components 
a r e  based p r i m a r i l y  on t h e  r e s u l t s  o f  phase I of t h e  Study, and a r e  summarized 
i n  Tables VI1 and VIII. Several a d d i t i o n a l  f a c t o r s  in f luenced t h e  f i n a l  
s t r u c t u r a l  arrangements. On t h e  wing components, f o r  example, s i n g l e  spar 
c o n s t r u c t i o n  over s t r i nge r -spa r  c o n s t r u c t i o n  was chosen f o r  two reasons: ( 1 )  
The a i r f o i l  components loading i n t e n s i t i e s  were o f  such low magnitudes t h a t  
l i t t l e  i f  any advantage cou ld  be gained w i t h  t h e  s t r i nge r -spa r  concept: 
( 2 )  Concern over  t h e  p o s s i b i l i t y  t h a t  t h e  s t r i n g e r  c o n f i g u r a t i o n  would tend t o  
c r e a t e  r i dges  i n  t h e  smooth a i r f o i l  sec t ions  and thus  degrade t h e  aerodynamic 
c h a r a c t e r i s t i c s .  

I n  s e l e c t i n g  m a t e r i a l s  f o r  t h e  components, pr imary concern was g iven 
t o  t h e  wing. The importance o f  s t r u c t u r a l  i n t e g r i t y  was paramount, t he re fo re ,  
cont inuous f i l a m e n t  type  composites were used f o r  t h e  main spar and wing sk ins .  
The cont inuous f i b e r ,  cross laminat ion  c o n f i g u r a t i o n s  g i v e  optimum f r a c t u r e  
toughness and f a t i g u e  s t r e n g t h  because t h e i r  i nhe ren t  d i s c o n t i n u i t i e s  tend t o  
i n h i b i t  c rack  propagat ion between t h e  f i l amen ts .  A review o f  Tables VI1 and 
VI11 i n d i c a t e  graphi te/epoxy and S-glass/epoxy t o  be t h e  most promis ing candi -  
dates f o r  t h i s  s t r u c t u r e .  

The empennage, wh i l e  t r e a t e d  as pr imary s t ruc tu re ,  was never the less 
considered t o  have s l i g h t l y  lower requirements from t h e  s tandpo in t  of f a t i g u e  
and f r a c t u r e  toughness. For these reasons non-continuous glass,  w i t h  thermo- 
s e t t i n g  r e s i n s  were used for s t r u c t u r e .  Three non-continuous f i l a m e n t  com- 
posi t e s  were considered i n  Phase I: ( 1  ) :  3/8" E-glass/nylon 6/10; ( 2 )  : 1/2" 
E-g lass/polyester  and (3): 1" S-glass/epoxy. The 1"  S-glass/epoxy i s  t h e  most 
e f f i c i e n t  strengthwise, and w i l l  be used i n  t h e  design o f  t h e  h o r i z o n t a l  t a i l .  
I t  i s  a compression moldable m a t e r i a l .  The 1/2" E-g lass/polyester  ma te r ia l  
a l though n o t  always more e f f i c e n t  than t h e  3/8" E-glass/nylon 6/10 e x h i b i t e d  
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higher  s t i f f n e s s  c h a r a c t e r i s t i c s  and res i s tance  t o  environmental cond i t i ons .  
I t  i s  a l s o  a compression moldable ma te r ia l  and w i l l  be used f o r  t h e  design o f  
t h e  v e r t i c a l  t a i l .  

The fuselage u t i l i z e d  both types of composites. The longerons and 
o t h e r  moment r e a c t i n g  members were made w i t h  t h e  cont inuous f i l a m e n t  S-glass/ 
epoxy m a t e r i a l  w h i l e  t h e  low load i n t e n s i t y  fuselage shear panels incorporated 
non-continuous 1 "  S-glass/epoxy moldable m a t e r i a l .  

Mater ia l /concepts i n v o l v i n g  aluminum a l l o y s  were n o t  incorporated i n  
t h e  f a b r i c a t i o n  o f  t h e  main components. A review of t h e  phase I i nd i ca ted  
t h e  most promis ing composites e x h i b i t e d  super io r  s t r u c t u r a l  e f f i c i e n c i e s .  I n  
a d d i t i o n ,  t h e  moldable r e i n f o r c e d  p l a s t i c s  showed g rea te r  p o t e n t i a l  over t h e  
aluminum, from t h e  s tandpoint  o f  mass product ion processes which would o f f e r  
g rea te r  f a b r i c a t i o n  c o s t  savings. 

Component Design 

Th is  sub-section w i l l  d iscuss t h e  design o f  t h e  v e r t i c a l  t a i l ,  h o r i -  
zonta l  t a i l ,  wing, and t h e  fuselage. 

V e r t i c a l  ta i l . -Based on t h e  three-view i n  F igu re  41, t h e  v e r t i c a l  t a i l  
has a t o t a l  area (exposed) o f  15.84 sq. f t .  The f i n  area i s  9.18 sq. f t . ,  and 
t h e  rudder area i s  6.66 sq. f t .  The design concept se lected was based on a 
compression molded r e i n f o r c e d  thermoset t ing p l a s t i c  ( i .e. ,  4 "E"-glass/polyes- 
t e r  a v a i l a b l e  i n  t h e  i ndus t r y  i n  .025 t h i c k  prepreg sheets).  See F igures 42 
and 43. An a l t e r n a t e  ma te r ia l ,  i n j e c t i o n  molded glass/nylon, w i l l  be discussed 
i n  a l a t e r  s e c t i o n  on c o s t  and manufactur ing considerat ions.  

The four-p iece s t a b i l i z e r  (F igu re  42)  c o n s i s t s  o f  a R.H. sk in ,  a L.H. 
sk in ,  a spar, and a r o o t  c l o s i n g  r i b .  Ea r l y  s t u d i e s  o f  t h e  t a i l  were based on 
t h e  assumption t h a t  a g r i d  p a t t e r n  o f  i n t e r n a l  s t i f f e n e r s  would be requ i red  t o  
keep t h e  panel s i zes  small  i n  o rde r  t o  increase shear buck l i ng  al lowables,  b u t  
s t r u c t u r a l  a n a l y s i s  i nd i ca ted  t h a t  "chordwise o n l y "  i n t e r n a l  s t i f f e n e r s  would 
be adequate. As shown i n  F igures 42 and 43, t h e  s k i n  and s t i f f e n e r s  a re  i n t e -  
g r a l ,  and t h e  hinge f i t t i n g s  a re  i n t e g r a l  w i t h  t h e  spars. 

P a r t  re lease  i s  a bas ic  cons ide ra t i on  on t h e  design o f  molded p a r t s .  
For tunate ly ,  a r e l a t i v e l y  small  d r a f t  angle i s  requ i red  f o r  p l a s t i c s  ( 1 0 ) ;  and 
poss ib l y  some s h o r t  sec t i ons  cou ld  be released from t h e  mold w i thou t  d r a f t .  

Due t o  -the r e l a t i v e l y  low bear ing a l lowables f o r  r e i n f o r c e d  p l a s t i c s  
(20,000 p s i ) ,  most o f  t h e  b o l t e d  connect ions w i l l  be c r i t i c a l  i n  bearing. 
Large diameter b o l t s  w i l l  be requi red.  Some weight could be saved i f  ho l low 
b o l t s  were used. Most b o l t  holes w i l l  be cored, so no d r i l l i n g  w i l l  be required. 
a f t e r  molding. A minimum o f  two-diameter edge d i s tance  i s  used f o r  a l l  b o l t s .  
Molded-in-place i n s e r t s  w i l l  be used a t  a l l  h inge lugs. V e r t i c a l  loads w i l l  be 
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reacted at the bottom hinge only, which also reacts the rudder control horn 
I oads. 

n attempt was made to reduce 
root rib, but part extractio 
lex mold is used. The lead m 

Due to the tapered shape skins and upper arm. 
ically locked in place. 

The vertical fin and the rudder are entirely bonded. Adequate bonding 
surfaces are provided for on their 'respective peripheries. The leading edge of 
the fin has a tongue-and-groove design which insures alignment, and does not ex- 
pose thin overlaps which might peel off. Also, the build up of material at the 
leading edge provides additional protection for erosion or hail damage. If 
necessary, a pressure-sensitive tape could be laid up over the leading edge. 

Spar flanges, rib flanges, and skin stiffeners heights were designed 
considering the flow capability of the material into deep crevices. Industry 
sources have indicated that both glass/polyester prepreg and Nylon 6-10 will 
adequately fill these thin, deep grooves in the mold. An attempt was made to 
design the root rib and the spar in one piece, but it was found that this method 
resulted in locking of the part in the mold. Otherwise, the mold would have to 
be more complicated to permit ejection. 

Horizontal tail.-The horizontal tail is a single-slab flying tail 
(stabilizer), hinged at the 258 point of its constant chord. 

Referring to Figure 44, the structural concept for the stabilizer i s  
based on an all-bonded construction of glass-reinforced plastic components. 
These components are compression molded from a prepreg 1 in. "S"-gIass/epoxy 
composite. The stabilizer is made up of the following molded plastic components: 

Two each of two nearly opposite skins 
One main spar 
One trailing edge spar 
Two identical leading edge ribs 
One torque box 
Two identical anti-servo tab skins 
Two identical anti-servo tab closing channels 
One anti-servo tab control bracket 
Two identical anti-servo tab mass balance fairings 

The remaining components are two identical 
servo tab, and the main stabilizer mass ba 

ass-balance weights for the anti- 

The skins are designed such that the upper right and left skins are 
interchangeable with the lower left and right skins, respectively. Each skin 
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has i n t e g r a l l y  molded chordwise s k i n  s t i f f e n e r s  and a tongue o r  groove i n  i t s  
leading and outboard edges. T h i s  wedge shaped tongue-and-groove design was 
recommended by a molder i n  preference t o  t h e  f u l l  r a d i i  t y p e  s p e c i f i e d  on t h e  
v e r t i c a l  s t a b i l i z e r .  The wedge-shaped tongue-and-groove insures al ignment and 
does n o t  leave t h i n  over laps which might peel o f f .  A lso t h e  e x t r a  m a t e r i a l  a t  
t h e  leading edge prov ides a d d i t i o n a l  res i s tance  t o  e ros ion  and h a i l  damage. I f  
necessary, a pressure s e n s i t i v e  tape could be app l i ed  t o  t h e  leading edge. 

The main spar, molded a l l  i n  one piece, has an I-beam cross sect ion,  
t h e  web th ickness and h e i g h t  o f  which a re  constant.  
a re  tapered outboard. The upper and lower caps o f  t h e  I-beam meet one another 
v i a  an e l l i p t i c a l  contour  a t  each end o f  t h e  spar. 
spar caps have t h i n  extensions which a c t  as c losu res  t o  t h e  torque box. 
i n t e g r a l l y  molded on t h e  spar a r e  two s e t s  o f  c l e v i s  hinge f i t t i n g s  and a boss 
w i t h  a cored ho le  f o r  t h e  main mass balance arm. Due t o  t h e  low bear ing a l low-  
ab les f o r  r e i n f o r c e d  p l a s t i c s  (20,000 p s i ) ,  t h e  c l e v i s  hinge f i t t i n g s  have 
molded-in i nse r t s ,  s i zed  f o r  l a rge  diameter ( p o s s i b l y  ho l low)  b o l t s  ( i  .e., 3/81. 
A standard minimum edge d i s tance  o f  two diameters i s  s p e c i f i e d  f o r  c l e v i s  hinge 
f i t t i n g  holes.  Each c l e v i s  h inge f i t t i n g  i s  designed t o  mate w i t h  a s e t  o f  
t h r e e  lugs on t h e  fuselage. 

The cap w id th  and th i ckness  

The cen te r  s e c t i o n  o f  t h e  
Also 

The to rque  box c o n s i s t s  o f  a p a i r  o f  i d e n t i c a l  r i b s ,  i n t e g r a l l y  con- 
nected w i t h  a channel. Th i s  so-ca l led torque box becomes a t r u e  torque box when 
it i s  mated and bonded t o  t h e  spar, between t h e  spar cap extensions. These ex- 
tens ions a r e  bonded t o  t h e  r i b s  and t o  t h e  i n te rconnec t ing  channel on t h e  so- 
c a l l e d  torque box. Considerable e f f o r t  was expended t o  e l i m i n a t e  load path d i s -  
c o n t i n u i t i e s  and t o  ma in ta in  e f f i c i e n t  bonding j o i n t s .  The in te rconnec t ing  
channel on t h e  so-ca l led to rque  box has a boss w i t h  a cored hole, which a l i g n s  
w i t h  a s i m i l a r  h o l e  i n  t h e  spar web. These respec t i ve  holes support  t h e  main 
s t a b i l a t o r  mass balance arm. Manufactur ing cons ide ra t i ons  and c o s t  analyses of 
t h i s  p a r t  w i l l  l i k e l y  d i c t a t e  breaking t h i s  p a r t  i n t o  two separate ( b u t  i d e n t i -  
c a l )  r i b s  and a shal low box w i t h  a ho le  i n  it. As it i s  now, i t  w i l l  r e q u i r e  
two massive cores normal t o  t h e  d i r e c t i o n  o f  mold pressure a p p l i c a t i o n .  

The t r a i l i n g  edge spar i s  molded f u l l  span i n  one piece, w i t h  e i g h t  
s e t s  o f  f i v e - l u g  p iano hinges molded i n t e g r a l l y  i n t o  i t s  o therwise constant  
I-beam cross sec t i on .  T h i s  I-beam cross s e c t i o n  i s  c losed on both ends t o  pro- 
v i d e  a cont inuous bonding i n t e r f a c e  w i t h  t h e  sk ins.  The a f t  ends o f  t h e  torque 
box r i b s  nes t  i n t o  t h e  f r o n t  s i d e  o f  t h e  t r a i l i n g  edge spar. 

Mating w i t h  t h e  e i g h t  s e t s  o f  p iano hinges on t h e  a f t  spar i s  an a n t i -  
servo tab.  The inboard end o f  t h e  r i g h t  hand and l e f t  hand p o r t i o n s  o f  each 
t a b  i s  mated t o  one o f  t h e  two male extensions on a s i n g l e  an t i - se rvo  t a b  
c o n t r o l  bracket .  The leve r  arm on t h i s  c o n t r o l  bracket  has a No. 10(3/16 1.D.) 
i n s e r t  i n t e g r a l l y  molded i n .  The r i g h t  hand and l e f t  hand p o r t i o n s  o f  t h e  a n t i -  
servo tab  each c o n s i s t  o f  a skin,  a c l o s i n g  channel and a mass balance f a i r i n g ,  
which a r e  r e s p e c t i v e l y  interchangeable, one s i d e  f o r  another. Each i d e n t i c a l  
one-piece s k i n  has a constant  deep "V" cross sec t i on .  Each i d e n t i c a l  c l o s i n g  
channel has a constant  cross s e c t i o n  except f o r  f o u r  s e t s  o f  f i v e - l u g  piano 
hinges, which mate w i t h  those on t h e  t r a i l i n g  edge spar. An at tempt was made 



t o  make t h e  an t i - se rvo  t a b  a one-piece e x t r u s i o n  of g lass/ny lon 
a channel + s k i n ) .  T h i s  was subsequently discarded due t o  t h e  inadequate 
t o r s i o n a l  s t i f f n e s s  o f  t h i s  m a t e r i a l .  An i d e n t i c a l  and interchangeable mass 
balance f a i r i n g  c loses  o f f  both outboard ends o f  t h e  an t i - se rvo  tab.  
lead weights a r e  bonded i n t o  a c a v i t y  i n  each mass balance f a i r i n g .  

( r a t h e r  than 

I d e n t i c a l  

A s i n g l e  leading edge r i b  i s  nested and bonded t o  t h e  forward s i d e  of  
t h e  main spar, immediately outboard of each c l e v i s  f i t t i n g  on t h e  spar. 
two r i b s  a r e  i d e n t i c a l .  

These 

Table XI t a b u l a t e s  weights and u n i t  weights f o r  t h e  pr imary empennage 
components. Table XI1 l i s t s  t h e  comparable data f o r  a convent ional  sheet metal 
c o n s t r u c t i o n  empenage. 

TABLE XI 
FAR TERM LIGHT AIRPLANE EMPENNAGE WEIGHTS 

Area ( f t 2 )  

I n j e c t i o n  molding 

(.051 ib./cu. i n . )  

Compression molding 
Chopped E-g I ass/ 

Weight ( I b s . )  
U n i t  weight (-1 1 bs 

Nylon 6/10 

f t 2  

po I y e s t e r  Weight 
( .070 Ib./cu. i n . )  U n i t  weight 

Compression molding 
1 '' S-g I ass/epoxy 

( .062 Ib. /cu. in.)  U n i t  weight 
Weight 

VERT. FIN 

9.18 

14.44 
1.58 

13.13 
1.43 

12.63 
1.27 

RUDDER 

6.66 

9.35 
1.4 

8.5 
1.28 

7.5 
1.13 

TABLE XI1 
CONVENTIONAL SHEET METAL EMPENAGE WEIGHTS 

STAB. 

40.00 - 
NA 

NA 

36.06 
0.90 

A I  umi Gum Area (ft2) 
Sheet metal Weight ( I b s )  Ibs 
(Contemporary l i g h t  U n i t  weight (-1 

a i  r p  I ane) 
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Wing.- The wing has outboard leading edge wet f u e l  tanks and t h e  main 
landing gear, mounted a f t  o f  t h e  s i n g l e  spar, r e t r a c t s  inboard and s l i g h t l y  a f t .  
See F igures 45 and 46. The wing has a s i n g l e  spar located a t  t h e  40% chord. 
I t  has an open-side-af t  channel cross-sect ion.  The channel 's he ight ,  cap t h i c k -  
ness, and web th ickness  tape r  outboard, and t h e  cap w id th  remains constant .  
The spar i s  compression molded from h igh  modulus g r a p h i t e  f i l a m e n t  r e i n f o r c e d  
epoxy prepreg. The spar web i s  made up o f  prepreg epoxy/graphi te tapes i n  a 
mu l t i - l aye r ,  m u l t i - d i r e c t i o n  pa t te rn .  The spar caps a r e  a l s o  made up o f  t h e  
same ( o r  simi l a r )  epoxy/graphi te  tapes, w i t h  72% of t h e  g r a p h i t e  running span- 
wise and t h e  remainder a t  +-45O. There w i  I I be a comparable const ructed aux- 
i l i a r y  spar between t h e  main landing gear suppor t  r i b  and t h e  r o o t  r i b  f o r  
r e a c t i n g  a p a r t  o f  t h e  main landing gear loads. The main landing gear suppor t  
f i t t i n g s  w i l l  be g lass- re in fo rced p l a s t i c  w i t h  metal bushings for  bear ing  loads. 
One i s  mounted between t h e  main spar and t h e  above-mentioned a u x i l i a r y  spar on 
each wing h a l f .  See F igu re  47. 

Each wing h a l f  i s  a t tached t o  t h e  fuselage w i t h  two b o l t s  through t h e  
spar web and i n t o  a fuselage frame, and one b o l t  each a t  t h e  f r o n t  and r e a r  of 
t h e  wing r o o t  c l o s i n g  r i b .  The main spar on each wing hal f ,extends t o  t h e  fuse- 
lage c e n t e r l i n e ,  a t  which p o i n t  they  a re  j o i n e d  by 18 t o  20- in.  s p l i c e  p l a t e s  
nested t o  t h e  o u t s i d e  and i n s i d e  sur faces o f  each spar cap, and by a 4- in .  wide 
s p l i c e  p l a t e  on each s i d e  o f  t h e  web. 

The two a f t  c l o s i n g  members on each wing h a l f  are:  

Each wing h a l f  has f i v e  se ts  o f  r i b s  ( l ead ing  edge + a f t ) ,  p l u s  two 

a zee-sect ion 
a long t h e  a i l e r o n  i n t e r f a c e  and a channel a long t h e  f l a p  i n t e r f a c e  (See F ig -  
u re  46) .  
a d d i t i o n a l  leading edge r i b s .  They are  located a t :  ( 1 )  t h e  r o o t  (see F igures 
45 and 46,section D-D); ( 2 )  t h e  landing gear i n t e r f a c e  (see F igures 45 and 47, 
sec t i on  C-C); ( 3 )  t h e  inboard end o f  t he  fue l  tank  a t  WS 105.6 (wet bulkhead); 
( 4 )  midway i n  t h e  f u e l  tank, o r  between t h e  a i l e r o n  and f l a p ;  and ( 5 )  t h e  t i p  
(see F igures 45 and 46, sec t i on  A-A) ,  which i s  a wet bulhead. The two add- 
i t i o n a l  leading edge r i b s  qua r te r  t h e  f u e l  tank. The f i r s t  f o u r  r i b s  a l s o  
prov ide  i n t e g r a l  h inge suppor ts  for  t h e  f l a p  (see F igure  46, sec t i on  D-D). 

The s k i n  c o n s i s t s  o f  t h r e e  d e t a i l s  f o r  each wing h a l f  ( i .e.,  a leading 
edge s k i n  f rom t h e  t o p  spar cap t o  t h e  bottom spar cap, an upper a f t  sk in ,  and a 
lower a f t  skin, each of which extend from r o o t  t o  t i p ) .  A l l  of these sk ins  a re  
made from compression molded m u l t i - d i r e c t i o n a l  graphi te/epoxy prepreg fapes and 
have no i n t e g r a l  s t i f f e n e r s .  The i n i t i a l  wing des ign s p e c i f i e d  separate "T"- 
s e c t i o n  chordwise s k i n  s t i f f e n e r s ,  which w i l l  be bonded t o  t h e  inner  s k i n  sur-  
f aces. 

The a i l e r o n  on each wing h a l f  cons i s t s  o f  an upper and lower i n t e g r a l -  
l y  s t i f f e n e d  sk in .  The s k i n  s t i f f e n e r s  a re  spaced f i v e  inches a p a r t  f o r  a t o t a l  
of 18 per  a i l e r o n .  The forward c l o s i n g  web i s  i n t e g r a l  w i t h  t h e  upper skin, as 
a re  t h e  piano-hinge lugs. See F igure  46, sec t i on  K-K. There i s  a c l o s i n g  r i b  
a t  each end of t h e  a i l e r o n .  The a i l e r o n  would be mass balanced a t  t h e  outboard 
end w i t h  t h e  weight  t r a v e l i n g  up and down w i t h i n  t h e  wing t i p  f a i r i n g .  
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The f l a p  on each wing h a l f  i s  d i v i d e d  i n t o  t h r e e  segments connected 
and c losed o f f  w i t h  f o u r  hinge arm-r ibs (see F igu re  46, s e c t  n D-D). Each f l a p  
segment c o n s i s t s  o f  an upper and a lower, i n t e g r a l l y  s t i f f e n  , s k i n  w i t h  a 

groove leading e c o n f i g u r a t i o n .  Each vane segment c o n s i s t s  of an 
lower ( u n s t i f f e  1 s k i n  w i t h  a s i m i l a r  leading 

Nonstructura l  t i p  f a i r i n g s  and hinge f a i r i n g s  a r e  o f  hot-formed t h e r -  
moplast ic .  See F igures 45 and 46. 

R e f e r r i n g  again t o  F igures 45, 46, and 47, t h e  ma te r ia l  s e l e c t i o n  and 
t h e  t ype  o f  molding considered f o r  each o f  t h e  202 machine molded, r e i n f o r c e d  
p l a s t i c  components a r e  as f o l l o w s :  The spars, spar s p l i c e s  and s k i n s  ( - 7 ,  -11, 
-9, -73, - 1 ,  -3, & -5) a r e  made o f  compression molded h igh  modulus g r a p h i t e  
f i lament/epoxy; t h e  a i l e r o n s  (-43 t h r u  -49) a r e  made o f  i n j e c t i o n  molded 
E-glass/nylon; t h e  t i p  f a i r i n g s  (-25) and t h e  f l a p  hinge f a i r i n g s  (-69 & -71) 
a re  made of hot-formed ABS; and t h e  remainder o f  t h e  components a re  made o f  com- 
press ion molded S-glass/epoxy. 

A l l  o f  t h e  above components a r e  then a p p r o p r i a t e l y  prepared f o r  bond- 
ing, f i x t u r e d  and secondary bonded t o  form a r i g h t  hand and a l e f t  hand wing 
h a l f ;  which a r e  subsequently a t tached t o  one another and t o  t h e  fuselage w i t h  
mechanical fasteners.  

Two a l t e r n a t e  wing c o n s t r u c t i o n  concepts (designated I1 and 111) were 
R e f e r r i n g  t o  F igure 48, Con- considered as p o s s i b l e  weight and/or c o s t  savers. 

f i g u r a t i o n  I1 replaces t h e  g r a p h i t e  channel s e c t i o n  spar w i t h  an S-glass rec- 
t a n g u l a r  r i g i d  urethane (foam co re )  sec t i on .  Also, t h e  g r a p h i t e  s k i n s  a r e  
replaced w i t h  S-glass sk ins .  The r e s u l t a n t  weight saving i n  t h e  spar i s  exceed- 
ed by t h e  weight pena l t y  i n  t h e  sk ins .  See Table X I I I .  Con f igu ra t i on  I11 i s  t h e  
same as 11, except g r a p h i t e  i s  used i n  p lace  o f  t h e  S-glass. Th is  concept ( i . e .  
111) amounts t o  a 10% saving i n  t o t a l  wing weight and, as w i  I I  be discussed l a t -  
e r ,  a 5% saving i n  wing cos t .  
sent  s i g n i f i c a n t  weight (and c o s t )  savings over  convent ional  sheet aluminum con- 
s t r u c t i o n ,  ( i f  t h e  c o s t  o f  g r a p h i t e  can be reduced t o  $1.00 o r  $2.00 per  pound). 

Both g r a p h i t e  wing c o n s t r u c t i o n  concepts repre- 

Fuselage.- The fuselage i s  convent ional  i n  s i z e  and shape. The o v e r a l l  
dimensions inc lude a maximum w id th  o f  48 inches, maximum h e i g h t  o f  60 inches, 
and a length o f  232.5 inches ( f i r e w a l l  s t a t i o n  100.00 t o  a f t  t i p  o f  s t r i n g e r  
f a i r i n g ) .  There a r e  two passenger doors, one baggage compartment door, two s i d e  
windows, and a one-piece windshie ld .  The fuselage design i s  o n l y  p r e l i m i n a r y  
s ince  n e i t h e r  loads no r  s t r e s s  analyses have been performed t o  s i z e  t h e  va r ious  
components. 

R e f e r r i n g  t o  F igure 49, t h e  s t r u c t u r a l  concept f o r  t h e  t h i r t y - t h r e e  
p iece  fuselage i s  based on a l l  bonded c o n s t r u c t i o n  of g lass  r e i n f o r c e d  p l a s t i c  
components. The f i r e w a l l  i s  s t a i n l e s s  s t e e l .  

Skins and frames a r e  compression molded from a prepreg one-inch S- 
glass/epoxy composite. The longerons and channels a re  bag-molded from 
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Skin stiffener 

TABLE XI11 
WING WEIGHTS (POUNDS) 

FAR TERM LIGHT AIRPLANE 

CONFIG. I 
Graphite 
Cons t r . 

77.3 
92 - 6  
26.9 

16.5 
8.3 
1.5 

222.3 

CONFIG. I1 
S-G I ass 
Constr . 
Foam Core 

Spar 
110.6 
82.6 
26.9 

16.5 
11.9 

1.5 

250.0 

CONFIG. I11 
Graphite 
Constr. 
Foam Core 
Spar 
77.3 
65.1 
26.9 

16.5 
8.3 
1.5 

195.6 

:ONTEMPORARY AlRPLANf 

ALUMINUM WING 

108.0 
85.0 
26.0 
7.0 

1.5 

227.5 

WING SPAR CONFIGURATIONS 

Configuration I Conf iquration I1 Configuration 111 
(Graphite/Epoxy) (S-Glass/Epoxy) (Graph i te/Epoxy ) 

A 

Figure 48 
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FUSELAGE, FAR TERM LIGHT AIRPLANE 

& CHANNEL 

/o F -IREWALL T 

Figure  49 
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continuous-filament S-glass/epoxy prepreg tapes. 
molded from one-inch E-glass/polyester composite prepreg. 

The stringer fairings are 

Component Cost and Manufacturing Considerations 

The cost analyses discussed in this sub-section are limited to just 
two of the four primary structural components. These, the vertical stabilizer 
and the wing, are structurally the least and most demanding, respectively. In 
any event, these two analyses demonstrate the magnitude of the potential savings 
associated with machine molded/high production rate construction concepts. Man- 
ufacturing considerations for all four (vertical tail, horizontal tail, wing, 
and fuselage) primary structural components will be discussed briefly. 

Vertical tail.-The vertical stabilizer, with its minimum structural 
requirements, is a feasible application for both compression molded thermoset- 
ting (reinforced) plastic and injection molded (reinforced) thermoplastic. 

Compression molding of prepreg sheet molding thermosetting composites, 
such as E-glass/polyester, is considerably slower than injection molding. It 
does offer, though, a good possibility of achieving the required thin skins. 
This is possible due to the partial distribution of prepreg material, normally 
preheated, in the dies before the dies are closed. This means the material has 
a shorterdistance to travel to the die extremities. Also, the material "setting' 
time is slower and the material has considerably more time to flow, since it 
"sets" or cures by chemical reaction rather than by "freezing" as with thermo- 
plastics. 

Compression molding, using prepreg sheet molding compound, does not 
lend itself to mass production as well as injection molding, due to its slower 
rrset" time, hand loading requirements and supporting activity requirements such 
as precutting and preheating of the sheet molding compound. It is far superior 
though to the normal hand lay up procedures normally associated with reinforced 
thermosets. 

Compression molding of the vertical tail, using E-glass/polyester 
would require only 1000 psi (approximately) and 30OoF. The precut and preheated 
prepreg material i s  loaded (presently by hand) into the heated die halves, after 
which the die halves are slowly mated. 

A hydraulic press of at least 450-ton capacity will be required to 
mold each vertical stabilizer skin. 
able and variable within each cycle (i.e., the press should have a high speed 
initial closing rate to first die mate, followed by an adjustable final closing 
rate). This action should be semi-automatic. Such a press is estimated to cost 
$11-$12 per hour to cperate. 

Closing and opening speed should be adjust- 

The dies, most probably fabricated from aluminum, are estimated to 
These estimates are based on todays tool fab- cost from $10,000 to $24,000. 

rication costs. It would be very difficult to predict whether such costs will 
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be higher or lower in fifteen years. Compression molding die costs are higher 
than injection molding die costs since many more dies are required ta produce 
parts at an equal rate. This will become evident in the following cost con- 
sideration discussions. 

Coring is not as readily achieved with compression molding as with in- 
jection molding. This is due to the possibility of  very high local pressure 
differentials that can exist between opposite sides of a core during distribu- 
tion of the more viscous resin, as the dies are closing. 

TABLE XIV 

INDUSTRY ESTIMATES OF VERTICAL STABILIZER TOOLING COSTS (DOLLARS) 

F 
G 
E 
H 
J 

ana I yses 

= Est. for Aluminum Tooling 

BOND 1 NG 
F I XTURE 

- 
3000-(1500) 

3000 
15,000 

2000 

I 2 )  Molders A,B,C. are located in the Los Angeles - San Diego area. 

The design of vertical stabilizers constructed of the above materials 
differs only in that the injection molded nylon stabilizer is about 10% heavier 
(due to its lesser strength/stiffness) and the nylon stabilizer can be molded in 
two pieces rather than four, due to its -superior moldability. See Figure 50. 

The injection molded stabilizer can be molded as a left-hand skidrib 
and a right-hand skin/spar. The compression molded stabilizer possibly could be 
molded into the same two components, but would more likely be molded into a 
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separate l e f t  hand sk in ,  r i g h t  hand skin, spar, and a r i b ,  as shown e a r l i e r  i n  
F igure  42. E a r l i e r  a t tempts a t  two-piece cons t ruc t ion ,  w i t h  t h e  bond l i n e  a l l  
i n  a s i n g l e  plane, were abandoned due t o  inherent  s t r u c t r u a l /  
i.e., us ing t h e  tongue-and-groove j o i n t  on a s p l i t  spar and s 
50 i l l u s t r a t e s  t h e  tongue-and-groove j o i n t  on t h e  lead in  

WO-PIECE CONCEPT VERTICAL STABILIZER 
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Sect ion p lane A, i d e n t i c a l  i n  na ture  on bo th  components, taken from 
F igure  50, i s  i l l u s t r a t e d  i n  F igure  51, w i t h  t h e  method t h a t  would be employed 
i n  molding bo th  p a r t s  (i.e., t h e  r i g h t  hand s k i d r i b  and t h e  l e f t  hand sk in /  
spar ) .  Th i s  molding d i e  arrangement i s  app l i cab le  p a r t i c u l a r l y  t o  i n j e c t i o n  
molding b u t  could poss ib le  a l s o  be a p p l i c a b l e  t o  compression molding. No mov- 
a b l e  cores a re  requi red,  except t o  ho ld t h e  molded i n  p lace  m e t a l l i c  i n s e r t s  i n  
t h e  c l e v i s  f i t t i n g s  on t h e  spar. The s k i d s p a r  o r  s k i d r i b  a t  f i r s t  g lance 
might  appear t o  be trapped i n  t h e  female mold, b u t  it can r e a d i l y  be s t r i p p e d  
from t h e  d i e  by us ing  a l a t e r a l  mode o f  e x t r a c t i o n .  I n  t h e  worst  case, d i e  
segment B i n  F igure  51 migh t  have t o  be s t r i p p e d  from t h e  p a r t  a f t e r  t h e  p a r t  
i s  removed from t h e  female d i e  h a l f .  Th i s  two-piece concept is n o t  a t  a l l  
unusual f o r  i n j e c t i o n  molding. Die segment B would be r e t r a c t e d  au tomat i ca l l y  
as would a l l  t h e  o t h e r  cores f o r  t h e  fas ten ing  and h inge f i t t i n g  holes. 

VERTICAL STABILIZER MOLDING D I E  ARRANGEMENT 
(For i n j e c t i o n  and poss ib le  compression molding) 

F igure  51 

The rudder, o f  s i m i l a r  con f igu ra t i on ,  can a l s o  be cons t ruc ted  us ing 
t h i s  s k i d s p a r  + s k i d r i b  concept. 

t o o l i n g  cos ts  and separate molding t ime  cos ts  for  both t h e  spar and t h e  r o o t  r i b .  
A d d i t i o n a l l y ,  t h e  amount o f  trimming, inspect ion,  bonding prep, ac tua l  bonding, 
and j o i n t  clean-up a r e  reduced. 

T h i s  two-piece c o n s t r u c t i o n  e l i m i n a t e s  t h e  otherwise requ i red  separate 
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Add i t i ona l  d iscuss ions  w i t h  i n j e c t i o n  molders reveal  opt imism concern- 
ing t h e  f e a s i b i l i t y  o f  molding la rge  t h i n  s k i n  components. I t  i s  q u i t e  reason- 
a b l e  t o  assume t h a t  t h e  t h i n  sk ins  would be r e a d i l y  achievable i n  f i f t e e n  years, 
and a r e  probably  achievable today. The Un i ted  States i s  lagging Europe and 
Japan, where t h e  wor ld ' s  l a r g e s t  molding machines a r e  b u i l t ,  i n  i n j e c t i o n  
molding c a p a b i l i t y .  

More and more i n j e c t  on molders i n  the  Un i ted  States a re  beginning t o  
use aluminum d ies .  They a r e  s g n i f i c a n t l y  cheaper and s tee l  i n s e r t s  can be 
used i n  h igh  wear areas. Also t h e  h igher  thermal c o n d u c t i v i t y  of aluminum 
prov ides f o r  reduced c y c l e  t ime, i .e.,  h igher  p roduc t ion  ra tes .  

An i n j e c t i o n  molded v e r t i c a l  s t a b i l i z e r ,  according t o  molders, would 
r e q u i r e  l i t t l e  o r  no clean-up a f t e r  molding. The p a r t  could be submarine gated, 
so it would be removed from t h e  dies, f r e e  o f  any ga te  p ro jec t i ons .  Any clean- 
up t h a t  would be reau i red  cou ld  be accomplished by t h e  molding machine operator .  
The v e r t i c a l  s t a b i l i z e r  would be molded a t  a ra te ,  conse rva t i ve l y  est imated a t  
30 p a r t s  per  hour, and more l i k e l y  a t  60 p a r t s  per  hour. 

Bonding o f  t h e  s t a b i l i z e r  components, whether i n j e c t i o n  molded ny lon  
o r  compression molded E-g lass/polyester ,  would be accomplished i n  a f i x t u r e  w i t h  
p r o v i s i o n  for  heat ing  t o  acce le ra te  c u r i n g  o f  t h e  adhesive. The sur faces t o  be 
bonded would r e q u i r e  l i g h t  sanding be fo re  a p p l i c a t i o n  o f  t h e  adhesive. Should 
t h e  components be made o f  nylon, bonding w i l l  r e q u i r e  considerably  more a t ten -  
t i o n .  Nylon, and p a r t i c u l a r l y  g lass  r e i n f o r c e d  nylon, i s  d i f f i c u l t  t o  bond. I t  
would r e q u i r e  a spec ia l  etch* o f  t h e  sur faces t o  be bonded. 

Table XV summarizes a l l  t h e  cos t  analyses performed on t h e  v e r t i c a l  
s t a b i l i z e r .  I t  i s  s i g n i f i c a n t  t o  no te  t h a t  one i n j e c t i o n  molding machine, oper- 
a t i n g  two s h i f t s  per  day, can produce both components o f  t h e  ny lon  v e r t i c a l  t a i l  
i n  100,000 u n i t s  per  year q u a n t i t i e s ,  wh i l e  i t  requ i res  twenty compression mold- 
ers, opera t ing  t h r e e  s h i f t s  per day, t o  mold t h e  f o u r  g lass /po lyes ter  components 
i n  l i k e  q u a n t i t i e s .  Produc t ion  r a t e  f o r  i n j e c t i o n  molding, est imated a t  60 
pieces p e r  hour, i s  a l i b e r a l  es t imate  o f  today 's  c a p a b i l i t y ,  b u t  a conserva t ive  
es t imate  o f  molding r a t e s  f i f t e e n  years from now. 
r a t e  f o r  compression molded g lass /po lyes te r  i s  p o s s i b l y  a t t a i n a b l e  today and 
w i l l  su re l y  be r o u t i n e  f i f t e e n  years f rom now. Est imates o f  f a b r i c a t i o n  
sequences and t imes associated w i t h  bo th  t h e  i n j e c t i o n  molded and t h e  compres- 
s i o n  molded v e r t i c a l  s t a b i l i z e r  a r e  d e t a i l e d  i n  Table XVI. 

The four-per-hour p roduc t ion  

*e.g., ca lc ium ch lo r ide-e thano l  
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TABLE XV 
COST ANALYSIS TO PRODUCE 100,000 VERTlCAL STABILIZERS PER YEAR 

I I NJ ECTl ON MOL0 I NG 

PIECES PER ASSY 2 

CYCLE TIME/PiECE 

TOTAL TIME FOR 

*ff = 1.25 min 

1.25 min X 100.000 assy X 2 pcs/assy = 4160 hrs 100,000 ASSEMBLiES 60 min 

Not r e q u i r e d  
1 @! $48,000.00 = $48,000.00 

Bonding f i x t u r e s  20 0 I 1,500.00 = 

M o l  d i ng 
$7000 12 mo 

Machine charge = 813’50/hr 

Labor & overhead lO.OO/ h r  
$23.50/hr 

m o  *2080 h r s  X 3 s h i f t s  

4160 h r s  X $23.50/hr = $97,760 

9.35 min 100 000 ass 1 h r  
86% e f f  ” 60 min 

19’500 hrs Auxi I i a r y  Opera t ions  

19,500 h rs  X $ l O / h r  = $195,000 I 
SUMMARY 

Raw M a t e r i a l s  
T o o l i n g  
Mol d i ng 
Auxi I i a r y  Opera t ions  

$ 929,500 
78,000 
97,760 

195,000 
$1,300,260 

I 

UNIT COST = $13.00/assy I :~;~~~;226,~,, 
Note: * T o t a l  a v a i l a b l e  working hours p e r  year  f o r  one s h t f t :  

8 h r s  X 5 davs X 52 weeks = 2080 h r s  

COMPRESSION MOLDING 

4 

-f = 18.75 mln  

3.75 min X l(10.000 assy X 4 p c s / a s s t  
60 min  

= 125,000 hrs 

COMPRESSION MOLDING 

14.3 Ibs /assy)  X ( .60 W l b )  X 100,000 = $858,000 

1 @ I 1,500.00 = $ 1,500.00 
5 @ 57,000.00 = 285,000.00 
1 @ 3,000.00 = 3,000.00 

20 0 2,000.00 = 40.000.00 
$329,500.00 

Es t  irnated = $ .56/hr 

10.00/hr 
$10.56/hr 

125,000 h rs  X $10.56/hr = $1,320,000 

16.23 min  100,000 assy 
assy 80% e f f  60 1 rnin h r  33,812 hrS 

33,812 h r s  X $10/hr = $338,120 

$ 858,000 
329,500 

1,320,000 
338,120 

$2,845,620 
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TABLE X V I  

FABRICATION SEQUENCES AND ESTIMATED TIMES 
( f o r  v e r t i c a l  s t a b i l i z e r )  

S EQU E NC E 

Compression Molding 

D ie  c u t  SMC* t o  spec. shapes 
a )  Skins (10 pcs @ 2O/min) 
b )  Spar (10 pcs @ 20/min) 
c )  R i b  ( 5 pcs @ 10/min) 

Preheat SMC b lanks 
Load & cure  i n  press ( p a r t  o f  molding charge) 
Deg rease 
Cool (no charge) 
Tr im f l a s h  (4  p a r t s  @ .30 ea) 
I nspect 11 

Bonding p repara t i on  ( 4  p a r t s )  
Load a l l  f o u r  p a r t s  i n  f i x t u r e  
Apply adhesive 
Close f i x t u r e  & cure  
Remove from f i x t u r e  
I nspect 
Dress j o i n t s  
Stock o r  convey t o  assembly area 

*sheet molding compound 

-c l n i e c t i o n  Mo ld ing  

1 )  Inspect  ( a f t e r  molding) 
2) Place s k i d s p a r  and s k i d r i b  i n  bonding f i x t u r e  
3 )  Prepare mat i ng su rf aces f o r  bond i ng 
4)  Apply adhesive 
5 )  Close f i x t u r e  
6) Cure adhesive 
7 )  
8)  Dress bonded j o i n t s  & inspec t  

Open f i x t u r e  & remove bonded f i n  

TIME (min.1 

.50 

.50 

.50 
1 .oo 

.33 

1.20 
1.20 
1.20 

.30 

.60 
6.45 

.15 
1.20 
1 .oo 

.10 
16.23 

- 

- 

.90 

. l o  

.30 

.30 

.05 
6.55 

.15 
1 .oo 
9.35 
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End result of the analyses indicates that the vertical stabilizer, 
manufactured at the rate of 100,000 units per year, can be produced at a manu- 
facturer's cost of: (1) $13.00 when injection molded of glass/nylon 6-10, or 
( 2 )  $28.45 when compression molded of glass/polyester. These costs are signifi- 
cantly competitive with conventional sheetmetal construction as indicated in 
Figure 52. Of prime significance is the indication that both injection molded 
and compression molded vertical stabilizers can be manufactured at a lower cost 
than conventional sheetmetal, even at current quantities, E.g., compare the 
following price-quantity relationships for the three types of construction, 

Production Rate 

Quantities Quantities With Sheetmetal 
Current High Producfion Break-even Point 

(i.e., 1000/Yr) (i.e., 100,00O/Yr) (Units/Yr) 

Sheetmetal $1 10 
Compression molded 88 
Injection molded 61 

VERT 1 CAL STAB I L I ZER 

1111 

$/UN 

$34 
28 
13 

)c 

620 
360 

UNIT COST VS PRODUCTION RATE 

,-- Current Cost-Quantity 

UN ITS PER YEAR 
Figure 52 

* The reader should be aware that the "learning curve" is a function of 
cumulative quantities, which were assumed to have occured within one year; iar 
comparison with the yearly production rates of the molded units. 
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R e f e r r i n g  t o  F igu re  52, convent ional  sheetmetal c o n s t r u c t i o n  u n i t  cos t  
i s  less than t h a t  f o r  compression molded and i n j e c t i o n  molded c o n s t r u c t i o n  o n l y  
a t  p roduc t i on  r a t e s  less than 620 and 360 u n i t s  pe r  year, respec t i ve l y .  

Hor i zon ta l  t a i l . - T h i s  p o r t i o n  o f  t h e  a i rp lane ,  being more h e a v i l y  
loaded than t h e  v e r t i c a l  s t a b i l i z e r ,  r e q u i r e s  t h e  use of an epoxy/glass compos- 
i t e .  N e i t h e r  chopped E-glass/polyester nor  i n j e c t i o n  molded ny lon 6-10 i s  
s t r u c t u r a l l y  adequate f o r  most o f  t h e  h o r i z o n t a l  t a i l  components. Therefore, 
most i f  n o t  a l l  o f  t h e  t e n  d i f f e r e n t  re in fo rced  p l a s t i c  h o r i z o n t a l  t a i l  com- 
ponents w i l l  be compression molded from an epoxy/glass composite. 

R e f e r r i n g  t o  F i g u r e  53, components ( -11 ,  -25, & -27 )  migh t  l a t e r  be 
proven t o  be more economical ly produced from i n j e c t i o n  molded ny lon 6-10. The 
s k i n  quarter-panels, i.e., top or  bottom on e i t h e r  s i d e  ( -1  o r  -31, w i l l  r e q u i r e  
a molding press capac i t y  o f  approximatel-y 1500 tons ( f o r  compression molding) 
Th is  i s  e a s i l y  w i t h i n  today ' s  r e a d i l y  a v a i l a b l e  capaci ty .  

The main spar (-5) w i l l  r e q u i r e  400 t o  500 tons f o r  molding, b u t  a 
l a rge r  tonnage capac i t y  press might  have t o  be used t o  p rov ide  l a rge  enough 
p la tens .  The spar, as molded, i s  o n l y  4.5 in .  wide, b u t  i s  over  151 in .  long. 
A l t e r n a t e  approaches might be t o  b u i l d  extensions f o r  t h e  p la tens  o u t s i d e  t h e  
main p l a t e n  area, o r  t o  mold t h e  spar i n  two presses s e t  s i d e  by s ide. 

The t r a i l i n g  edga spar, and t h e  an t i - se rvo  t a b  channel and s k i n  (-7, 
-28, & -21, r e s p e c t i v e l y ) ,  a l s o  being o f  o u t s i z e  lengths, w i l l  each r e q u i r e  
e i t h e r  excess press capac i t y  (tonnage), o r  two o r  more presses s e t  s i d e  by s ide. 

The to rque  box (-91, i f  i t  i s  made i n  one p iece as ind icated,  w i l l  r e -  
q u i r e  a l a rge  co re  on each s i d e  t o  form t h e  pans on each s ide.  
e a r l i e r ,  t h i s  p a r t  might  be eas ie r  and cheaper t o  f a b r i c a t e  i f  it were separated 
i n t o  two i d e n t i c a l  r i b s  and a shal low box. 

As mentioned 

m 

Wing.-The wing, being t h e  most demanding o f  a l l  t h e  pr imary s t r u c t u r a l  
components, r e q u i r e s  t h e  use o f  a t  l e a s t  S-glass/epoxy, and p re fe rab ly  h igh  
modulus graphite/epoxy. Fo r  t h e  purpose of  t h i s  s tudy ,  t h e  wing components were 
assumed, i n  general,  t o  be f a b r i c a t e d  i n  a manner s imi  l a r  ' t o  t h e  v e r t i c a l  t a i  I .  
I.e., d i e  costs,  i n  general,  were est imated on a p r o j e c t e d  area basis, propor-  
t i o n a t e  t o  t h e  v e r t i c a l  t a i l  d i e  costs .  Th i s  i s  v a l i d  f o r  'dies o f  comparable 
depth and complexi ty.  Most o f  t h e  wing components a r e  no l a r g e r  than t h e  h o r i -  
zonta l  t a i l  components. Exceptions t o  t h i s  a r e  t h e  spar and t h e  skins.  Molding 
presses o f  more than adequate capac i t y  a r e  a v a i l a b l e  today, even f o r  components 
as large as t h e  spar and sk ins.  
segments due t o  t h e i r  ou t - s i ze  length requirements. The spar could be molded i n  
one b i g  press o r  i n  a s e r i e s  o f  presses s e t  s i d e  by s ide.  

Dies f o r  t h e  spar could p o s s i b l y  be made i n  

For outs ize,  b u t  simple, components such as t h e  wing s k i n s  ( w i t h  no 
i n t e g r a l  s t i f f e n e r s )  a new cas tab le  ceramic mold m a t e r i a l  o f f e r s  s i g n i f i c a n t  
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c o s t  savings. 
up r i b s  o r  where cores a re  requ i red .  
two- inch th ickness  of t h e  ceramic ma te r ia l  backed up w i t h  foamed fused s i l i c a  
b locks.  The bonded-on foam b locks  a r e  c u t  smooth and f l a t  d rnounti ng studs 
a r e  then po t ted  i n t o  t h e  foam. No i n t e r n a l  r e i n f o r c i n g  is ployed. Another 
advantage i s  t h e  a b i l i t y  t o  cas t - in -p lace  a l l  t h e  necessary e l e c t r i c  heaters  o r  
steam l i n e s .  The bas ic  c o s t  o f  t h i s  ceramic m a t e r i a l  i s  $1100/ton ( i .e . ,  $0.55/ 
I b ) .  

I t  i s  n o t  recommended f o r  a p p l i c a t i o n s  such as shapes w i t h  stand- 
Such molds a re  normal ly  f a b r i c a t e d  w i t h  a 

I t  has a dens i t y  o f  120 l b / f t 3 .  

These molds can be f a b r i c a t e d  i n  matched se ts  (male and female) and 
a r e  complete ly  adequate f o r  t h e  1000 p s i  compression molding requirements. D ie  
c o s t  for  t h e  wing sk ins  was based on t h e  use o f  matched se ts  of t h e  above ce- 
ramic molds. 
manufactur ing c o s t  by a maximum of 3%. Since t h e  (bagged) inner  s k i n  sur face  
is n o t  as reproduc ib le  as w i t h  matched molds, t h e  3% i s  we l l  spent, t o  min imize 
bonding p repara t i on  for t h e  s k i n  s t i f f e n e r s .  

Using o n l y  a female mold and a pressure bag reduces t o t a l  wing 

As w i t h  t h e  v e r t i c a l  and h o r i z o n t a l  t a i l ,  t h e  wing i s  assumed t o  be 
assembled by secondary bonding i n  app rop r ia te  j i g s  and f i x t u r e s .  

The f i r s t  c o s t  ana lys is ,  based on t h e  tapered wing i l l u s t r a t e d  i n  F ig -  
u r e  54, assumed t h a t  each component* would be machine molded i n d i v i d u a l l y  i n  a 
press o f  app rop r ia te  capac i ty .  Th i s  f i r s t  ana lys i s  considered bo th  t h e  30- 
minute cure t i m e  f o r  c u r r e n t  epoxies and an est imated cure t ime  o f  15 minutes 
f o r  f u t u r e  epoxies.  R e f e r r i n g  t o  F igure  55, bars ( 1 )  t h r u  (5 )  represent  t h e  
above descr ibed wing. Bar ( 1 1 ,  f o r  s i n g l e - c a v i t y  molding and 30-minute epoxy 
cure  time, has a molding c o s t  which i s  54.2% of t h e  t o t a l  wing manufactur ing 
cos t .  Therefore t h e  savings i n  bar  ( 2 )  a r e  l a rge  when t h e  produc t ion  r a t e  i s  
doubled, by h a l v i n g  t h e  c u r r e n t  30-minute cu re  time. 

Subsequent analyses o f  t h e  wing based on t h e  use o f  m u l t i - c a v i t y  dies, 
took  advantage o f  t h e  p o t e n t i a l  savings a t t a i n a b l e  w i t h  h igher  p roduc t ion  ra tes .  
Since f a c t o r y  t ime  i s  n o t  p r a c t i c a l l y  a v a i l a b l e  below $10 per  hour, t h e  minimum 
s i z e  molding press considered was 650-ton capac i ty ,  which cos t  about $12 per  
hour t o  operate.  I t  turned o u t  t h a t  p l a t e n  area, no t  component p ro jec ted  area/ 
pressure requirements, determined t h e  number o f  c a v i t i e s  per  d i e  or t h e  number 
o f  d i e  modules. I t  was f i r s t  assumed t h a t  o n l y  a constant  chord cons tan t  t h i c k -  
ness wing, w i t h  i t s  many i d e n t i c a l  pa r t s ,  cou ld  t a k e  advantage o f  m u l t i - c a v i t y  
molding. I.e., it would be imprac t i ca l  t o  a t tempt  t o  mold d i s s i m i l a r  o r  uniden- 
t i c a l  components on t h e  same s t r o k e  o f  t h e  press. Th is  would be t r u e  due t o  t h e  
s l i g h t  d i f f e r e n c e  i n  molding requirements between un iden t i ca l  components. I t  
t u r n s  o u t  t h a t  t h e  no-two-parts-al ike tapered wing can a l s o  take  advantage of 
m u l t i - c a v i t y  t o o l i n g ,  when t h e  associated q u a n t i t i e s  a re  on t h e  o rde r  of 100,000 
u n i t s  pe r  year, as i n  these analyses. 

R e f e r r i n g  again t o  F igure  55, bars ( 3 )  and (4 )  represent  t h e  same wing 
as bars ( 1 )  and (21, respec t i ve l y ,  except for  t h e  use of m u l t i - c a v i t y  t o o l i n g .  

*There a r e  no two components a l i k e  i n  t h e  tapered wing. 
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FAR TERM LIGHT AIRPLANE WING UNIT MANUFACTURING COSTS 
( f o r  100 000 un i t s / yea r  p roduc t i on  ra te ,  except 8 1 

S i n g l e - c w i t y  molding 

3000 

2500 

h z 2000 
v) 

0 
0 
c3 z 
CK 

I- o 
Q 
LL 
3 z 
Q 
5 
F 

=I 

- 
=I 1500 

- z 1000 

500 

Bar nu rnber -a  @ @I @ @ 

Concept - Graphite/epoxyVskins and spars 

and 'pars sheetrneta I 
Weight 275 275 275 275 275 248 302 302 257 257 
Cost/lb.-$l0.59 $7.71 $5.30 $5.05 $2.52 $2.65 $2.78 $1.73 $8.25 $5.04 

F igu re  55 
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M u l t i - c a v i t y  molding appears t o  o f f e r  a s i g n i f i c a n t  reduc t i on  i n  u n i t  manufac- 
t u r i n g  cost;  i.e., about 35%, f o r  t h e  15-minute cu re  wings. 

Examination of  ba r  (4) makes apparent t h e  h i g h  (76%) p o r t i o n  of t h e  
wing u n i t  c o s t  represented by t h e  raw m a t e r i a l .  
i n  ba r  (4) i s  f o r  graphite/epoxy a t  $5.00 p e r  pound. 
f a c t u r i n g  c o s t  of  t h e  wing i s  a s i g n i f i c a n t  f u n c t i o n  of t h e  cost of g raph i te .  

rang ing  from $l.OO/lb. t o  $100.00/lb. 
manufactur ing c o s t  f o r  t h e  same wing as bar  (41, us ing  $l.OO/lb. r a t h e r  than 
$5.00/lb. g raph i te .  F igu re  56 p l o t s  t h e  c o s t  o f  t h e  m u l t i - c a v i t y  molded, 15- 
minute epoxy cu re  wing as a f u n c t i o n  of  t h e  cost o f  g r a p h i t e  up t o  $10.00 p e r  
pound. 

Most ( 8 2 % )  of  t h e  raw m a t e r i a l  
Obviously, t h e  u n i t  manu- 

Indus t r y  sources have es t imated t h e  c o s t  of  g r a p h i t e  i n  f i f t e e n  years, 
Bar (5 )  o p t i m i s t i c a l l y  c h a r t s  wing u n i t  

Bar (6 )  i n  F i g u r e  55 p l o t s  a wing comparable i n  c o s t  t o  bar  (5 )  which 
which has a foam-core spar, o f f e r i n g  a s i g n i f i c a n t  (10%) weight reduc t i on  over 
t h e  wings considered i n  bars ( 1 )  through ( 5 ) .  

3 

F igu re  56 
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For comparison, a wing which rep laces t h e  graphi te/epoxy components 
w i t h  S-glass/epoxy components i s  p l o t t e d  as bar  ( 7 ) .  I t s  c o s t  a l s o  i s  a s i g n i f -  
i c a n t  f u n c t i o n  of t h e  c o s t  o f  t h e  S-glass/epoxy ( i .e.,  $2.00 per  pound). Some 
savings i n  f a b r i c a t i o n  a r e  r e a l i z e d  by molding t h e  many s k i n  s t i f f e n e r s  i n t e g r a l  
w i t h  t h e  sk ins.  Th is  i s  accomplished by f i r s t  p a r t i a l l y  c u r i n g  t h e  u n i d i r e c -  
t i o n a l  f i l amen t  sk ins  and then i n t e g r a l l y  molding t h e  chopped f i b e r  s t i f f e n e r s  
t o  t h e  sk ins ,  f i n a l l y  c u r i n g  them together .  

I t  i s  o n l y  f a i r  t o  assume t h a t  S-glass cou ld  even tua l l y  be procured a t  
a c o s t  equa l l y  as low as graph i te .  Therefore, i n  F igure  55, b a r  ( 8 )  i nd i ca tes  
a low u n i t  manufactur ing c o s t  o f  approximately $521.00 f o r  an S-glass wing us ing  
$1.00/lb. S-glass. 

R e f e r r i n g  t o  F igure  55, t h e  foam-core g r a p h i t e  wing [ r e f .  bar  ( 6 ) l t h e n  
appears t o  have t h e  lowest weight w i t h  a very low u n i t  cos t ;  b u t  t h e  S-glass 
wing [ r e f .  b a r  (811 has t h e  lowest u n i t  c o s t  and a s i g n i f i c a n t l y  lower s p e c i f i c  
u n i t  c o s t  o f  $1.73 per  pound. 

Bars ( 9 )  and (10)  p l o t  t h e  wing u n i t  manufactur ing c o s t  o f  a conven- 
t i o n a l  sheetmetal (aluminum) wing. Bar ( 9 )  i s  based on c u r r e n t  p roduc t ion  
q u a n t i t i e s  and bar  (10)  represents  reduc t i on  i n  c o s t  due t o  h igh  produc t ion  
r a t e s  and t h e  c l a s s i c  80% lea rn i  ng curve. 

Fuselage.- A l l  t h e  fuselage (see F igure  57) components except t h e  
s t a i n l e s s  s tee l  f i r e w a l l  and t h e  channels and longerons are  large, b u t  conven- 
t i o n a l ,  compression moldings. A l l  t h e  prev ious d iscuss ions o f  compression mold- 
ing  cons ide ra t i on  associated w i t h  t h e  t a i l  and wing, a re  equa l l y  a p p l i c a b l e  t o  
the  fuselage components. The channels and longerons, having constant  cross- 
sect ions,  can r e a d i l y  and economical ly be bag molded over  male d ies.  Even w i t h  
t h e  s p e c i f i c a t i o n  o f  cont inuous and u n i d i r e c t i o n a l  f i l amen ts  f o r  t h e  channels 
and.longerons, t h e r e  i s  a p o s s i b i l i t y  t h a t  each might  be molded i n  a cont inuous 
lay  up and cure opera t ion .  L i k e  t h e  v e r t i c a l  and h o r i z o n t a l  s t a b i l i z e r s  and 
t h e  wing, t h e  fuselage would be an al l -bonded assembly. 

I n  conclusion, it can be s a i d  t h a t  t h e  most s i g n i f i c a n t  reduc t ions  i n  
l i g h t  a i r p l a n e  u n i t  manufactur ing c o s t  w i l l  be t h e  r e s u l t  o f  h igh  (mass) produc- 
t i o n  methods and processes. 
ponents, a l l -bonded assembly, numer ica l l y  c o n t r o l l e d  spot  welding and r i v e t i n g ,  
p repr im ing  ( a t  t h e  m i l l )  o f  aluminum sheets ( f o r  bonding), automat ic nondestruc- 
t i v e  inspec t ion  of bonded j o i n t s ,  e t c .  Less tang ib le ,  b u t  s i g n i f i c a n t  savings 
a re  r e a l i z e d  w i t h  t h e  e l i m i n a t i o n  of co r ros ion  on p l a s t i c  componets. 

E.g., machine molding and forming o f  pr imary com- 

Al though t h i s  study has concentrated h e a v i l y  on t h e  u t i l i z a t i o n  of 
p l a s t i c  mater ia ls ,  aluminum w i l l  remain a pr ime candidate for  l i g h t  a i r p l a n e  
s t r u c t u r e  i n  t h e  f u t u r e .  Aluminum i s  excep t iona l l y  machinable, formable, and 
j o i n a b l e .  
niques mentioned above. Greater  use o f  6061 T6 and 5086-H32 aluminum a l l o y s  
w i l l  l i k e l y  occur w i t h  r e s u l t a n t  savings i n  ma te r ia l  cos t .  No one group o f  
mater ia ls ,  m e t a l l i c  o r  nonmeta l l ic ,  w i l l  be used u n i v e r s a l l y .  I t  w i l l  s t i l l  r e -  
main f o r  t h e  designer t o  weigh t h e  pros and cons of each ma te r ia l  for  each i n d i -  
v idua l  a p p l i c a t i o n .  
o f  t h e  Far Term a i rp lane .  

I t s  use w i l l  con t inue w i t h  t h e  g rea te r  use o f  mass produc t ion  tech- 

See Appendix A f o r  an est imated consummer p r i c e  breakdown 
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FATIGUE CONSIDERATIONS 

E x i s t i n g  requirements for  t h e  s t r e n g t h  o f  l i g h t  
based l a r g e l y  on t h e  concept o f  "one-time" I 
appeared t o  be s a t i s f a c t o r y  b u t  r e c e n t l y  it 

provided aga ins t  f a i l u r e  un 
t e  w i t h  respec t  t o  t h e  repea 
a i r c r a f t .  A survey of t h e  1963 Gener 

Reports i n d i c a t e s  evidence t h a t  some a i r f r a m e  f a i l u r  
f a t i g u e .  

Whether or  n o t  t h e  f a i l u r e s  invo lved were t h e  r e s u l t  o f  inadequate p i l o t  
p r o f i c i e n c y ,  l a c k  o f  respect  for adverse weather, or t h e  r e s u l t  of inadequate 
i nspec t i on  and maintenance i s  o f  secondary importance. The p o i n t  i s  t h a t  t h e  
a i r p l a n e  involved encountered f l y i n g  c o n d i t i o n s  which r e s u l t e d  i n  loads being 
app l i ed  t o  t h e  a i r f r a m e  of s u f f i c i e n t  magnitude and frequency t o  cause 
c a t a s t r o p h i c  f a i l u r e  o f  t h e  pr imary a i r f r a m e  s t r u c t u r e .  

E s t a b l i s h i n g  a Fat igue Load Spectrum 

Up t o  t h e  present  t ime, l i g h t  a i r p l a n e  manu a c t u r e r s  have designed t h e i r  
a i r c r a f t  t o  FAA requirements pe r  F.A.R. p a r t  23. 
r e q u i r e  proof  by a n a l y s i s  o r  t e s t  o f  t h e  "safe I f e "  o r  " f a i  I safe" cha rac te r i s -  
t i c s  o f  t h e i r  a i r c r a f t .  A t  t h e  same t i m e  l i t t l e  data i s  a v a i l a b l e  w i t h  regard 
t o  what load spect ra should be used by opera to rs  o f  t h e  va r ious  category a i r -  
planes. 

T h i s  document does n o t  

An assessment o f  repeated loads on general a v i a t i o n  and t r a n s p o r t  a i r c r a f t  
i s  being conducted w i t h  the F.A.A. by NASA's Langley Research Center; t h e  re-  
s u l t s  t o  date a r e  presented i n  references 32 and 33. They reveal  a l a rge  amount 
o f  s c a t t e r  i n  t h e  repeated load h i s t o r y ,  due p r i n c i p a l l y  t o  t h e  d i v e r s e  nature 
o f  general a v i a t i o n .  

Composite VG records ( p o s i t i v e  and negat ive acce le ra t i ons  vs a i rspeed)  from 
references 32 and 33 f o r  d i f f e r e n t  types of  ope ra t i ons  a r e  presented i n  F ig-  
u r e  58. These data a re  superimposed upon t h e i r  respec t i ve  V-n diagrams t o  i n d i -  
c a t e  where t h e  most severe areas m igh t  be i n  respect  t o  p o s s i b l e  exceedances o f  
t h e  design f l i g h t  envelope. Design f l i g h t  envelope exceedances i n  t h e  low speed 
p o r t i o n s  a r e  p r  bably due t o  landing shocks and a r e  n o t  considered s i g n i f i c a n t .  P 

A rev iew ok t h e  i n s t r u c t i o n a l  f l y i n g  records, F igu re  58, revea ls  a case 
where a p a r t i c u l a r  a i r c r a f t  exceeded t h e  design d i v e  speed as wel l  as t h e  
p o s i t i v e  and n t i v e  l i m i t  load f a c t o r  a t  t h e  design d i v e  speed. 

The twin-engine execu t i ve  operat ions,  F igu re  58, show one case of exceeding 
t h e  negat ive l i m i t  load f a c t o r  a t  a speed s l i g h t l y  l ess  than design c r u i s e .  
I n v e s t i g a t i o n  revealed t h e  incidence t o  be gus t  induced. 

The f o l l o w i n g  s i g n i f i c a n t  conc lus ions can be made a f t e r  rev iewing t h e  
compos i te VG records . 
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COMPOSITE VG RECORDS - F I V E  TYPES OF OPERATIONS 
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( 1 )  Atmospheric-induced,as wel l  as p i lo t - induced,  loads i n  excess of t h e  
design f l i g h t  envelope may be encountered d u r i n g  normal ope ra t i on  of  
t h e  general a v i a t i o n  f l e e t .  

( 2 )  A l l  types o f  operat ions a r e  f l own  above t h e  design c r u i s i n g  speed. 

I t  i s  ev ident ,  t he re fo re ,  t h a t  General A v i a t i o n  should be c l a s s i f i e d  i n t o  
d i f f e r e n t  r o l e s .  Needless t o  say, t h e  f a t i g u e  load spectrum w i l l  be d i f f e r e n t  
f o r  each r o l e .  

Es t ima t ion  of Fa t igue  L i f e  

The e s t i m a t i o n  o f  f a t i g u e  l i f e  us ing  t h e  "Miners" Cumulative Damage Rule 
invo lves t h e  c a l c u l a t i o n  o f  damage incurred on t h e  a i r p l a n e  as a d i r e c t  r e s u l t  
o f  i t s  ope ra t i ng  environment. 

Genera l ly  speaking t h e  opera t i ng  environment f o r  a l i g h t  a i rp lane,  
regard less o f  i t s  t y p e  o f  u t i l i z a t i o n  such as execut ive,  personal, i n s t r u c t i o n a l  
o r  commercial survey operat ion,  can be def ined as f o l l o w s :  

( 1 )  Gust Environment - The a i r p l a n e  w h i l e  i n  steady f l i g h t  encounters 
a s p e c i f i e d  number o f  p o s i t i v e  and negat ive gusts  o f  va ry ing  i n -  
t e n s i t i e s  def ined by t h e  gus t  spectrum f o r  t h e  a i r p l a n e .  

(2) Maneuver Environment - The a i r p l a n e  i s  sub jec t  t o  a s p e c i f i e d  number 
o f  p o s i t i v e  and negat ive maneuvering loads o f  va ry ing  i n t e n s i t y  
def ined by t h e  maneuvering spectrum f o r  t h e  a i rp lane .  

( 3 )  Ground-Air-Ground Environment (G.A.G.1. -  A t  l e a s t  once per  f l i g h t  t h e  
a i r p l a n e  i s  s u b j e c t  t o  loads associated w i t h  t h e  f o l l o w i n g  cond i t i ons .  

a )  Taxi c o n d i t i o n  a t  maximum take -o f f  weight.  
b )  Steady l g  F l i g h t  Cru ise Condi t ion a t  minimum landing weight. 
c )  Landing impact loads a t  maximum landing weight. 

From a s t r u c t u r a l  design aspect i t  is, apparent t h a t  before any design 
f a t i g u e  load spectrum can be developed and before any sa fe  l i f e  p r e d i c t i o n  can 
be made, it i s  necessary t o  d e f i n e  n o t  on l y  i n  what r o l e s  t h a t  a i r p l a n e  i s  
going t o  be u t i l i z e d ' ,  b u t  a l s o  f o r  how long it i s  going t o  be u t i l i z e d  i n  one 
r o l e  before being used i n  another r o l e .  Th is  i s  obvious when one i s  conf ronted 
by t h e  f o l l o w i n g  statements: 

( 1 )  Landing Impact Acce le ra t i on  f o r  i n s t r u c t i o n a l - t y p e  a i r p l a n e s  i s  more 
severe and more frequent,  approximately 4 pe r  30-minute f l i g h t ,  than 
on any o t h e r  category l i g h t  a i r p l a n e  and w i l l  account f o r  a con- 
s i d e r a b l e  amount o f  damage i n  t h e  f a t i g u e  l i f e  o f  t h e  a i r p l a n e .  

(2) Commercial Survey A i r c r a f t  have t h e  longest f l i g h t  durat ion,  t h e r e f o r e  
less G.A.G. damage i s  i n f l i c t e d  on t h e  a i r p l a n e .  They have more 
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severe gust experience than other types of usage, since 97% of the 
time they are in rough air. 

Pressurization Considerations 

The effect of pressurization produces a stress configuration consisting 
of hoop stress and longitudinal stress in addition to the in-flight shear, 
bending moment,and torque loads on the fuselage structure. 
that the weight of the basic pressurized fuselage will be higher than that of 
an unpressurized fuselage. From a minimum weight standpoint, the optimum 
structure is cylindrical with the elimination of flat or slab panels. 

It then follows 

Sealing requirements demand that careful consideration be given to the 
number and spacing of rivets, particularly at longitudinal and transverse skin 
splices and at the attachment of pressure bulkheads and canopy structure. 
Likewise, more care must be taken in the fabrication, inspection,and quality 
control of the fuselage structure, particularly in the region of cut outs in 
the structure for windows, entry doors and access doors, at the attachment of 
the floor structure to the frames of the fuselage,and at the intersection of 
the wing and fuselage. 

Entry doors and their locking and operating mechanisms should be designed 
on the fai I safe concept to insure that the door structure and the sealing 
qualities are adequate should a simple failure in one of the latches or shear 
pins occur. 

The use of metal-to-metal adhesive bonding, particularly to reinforce 
areas where high stress concentrations are present, increases the fatigue 
life of the fuselage. It demands good quality control and considerable 
component testing. Materials exhibiting low crack progagation characteristics 
are important. As an example, it has been shown (ref. 34) that 7075-T6 
aluminum alloy is more prone to explosive fracture than 2024-T3 alloy. 

From a structural standpoint, it is highly probable that any fatigue 
crack, once started, wi I I tend to run longitudinal ly along the fuselage. This 
is due to the fact that in a pressurized fuselage the stringers are fairly 
closely spaced and the hoop tensile stress is twice the longitudinal stress. 
For this reason, circumferential reinforcing rings are placed at intervals 
along the fuselage to arrest the crack propagation of a fatigue crack and to 
reduce the hoop stress in the skin. 

The 
Wi I I iams 
restr i ct 
the area 
the skin 
that the 
to the r 

spacing and cross section of the reinforcing rings are important 
(ref. 35) states that rings spaced more than 30'' apart, while locally 
ng the radial expansion of the skin, allow unrestricted expansion in 
midway between the rings; with a IO" spacing the radial expansion of 
nowhere exceeds that of the rings by more than a small percentage, so 
maximum hoop stress in the skin is equally reduced by material added 
ngs as by the weight added to the skin. 
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Mate r ia l  Fa t igue Proper t i es  

Many mechanical dev ices a r e  subjected t o  fo rces  t h a t  vary  
and, o f ten ,  i n  d i r e c t i o n .  I f  t h i s  v a r i a t i o n  occurs a r e l a t i v e 1  
o f  t imes and t h e  s t resses  do n o t  exceed t h e  y i e l d  s t r  
design s tud ies  can be made s a f e l y  on t h e  bas is  o f  t h e  
ma te r ia l .  Unfor tunate ly ,  t h i s  i s  n o t  t r u e  i n  t h e  des ign o f  a i r  
t h e  s t r u c t u r e  u s u a l l y  exper iences many repeated loadings (magnitude and 
d i r e c t i o n )  i n  i t s  s e r v i c e  l i f e t i m e .  

Th is  sec t i on  summarizes and compares t h e  f a t i g u e  p r o p e r t i e s  o f  some o f  
t h e  bas ic  m a t e r i a l s  as p rev ious l y  se lec ted  f o r  a i r c r a f t  s t r u c t u r a l  a p p l i c a t i o n s .  
Th is  data has been compiled and evaluated t o  present  a q u a l i t a t i v e  p i c t u r e  
of t h e  f a t i g u e  c h a r a c t e r i s t i c s  associated w i t h  t h e  m a t e r i a l ,  

For t h e  most pa r t ,  complete in fo rmat ion  was n o t  a v a i l a b l e  f o r  t h e  ma- 
t e r i a l s ;  there fore ,  va r ious  methods were u t i l i z e d  i n  extending t h e  data t o  
p rov ide  in fo rmat ion  which cou ld  n o t  be obta ined d i r e c t l y .  A l l  t h e  f a t i g u e  d a t a  
shown represents  a x i a l  loading t e s t s  and i s  u l t i m a t e l y  p l o t t e d  as standard 
S-N curves whereby t h e  p o i n t s  a long t h e  curve represent  t h e  number o f  loading 
cyc les  a ma te r ia l  may endure a t  a p a r t i c u l a r  max s t r e s s  before f a i l u r e .  

S-N curves f o r  notched and unnotched sheet specimens represent ing  s t r e s s  
Rat ios  (R)  o f  -1.0 and +0.25 a re  shown i n  F igures 59, 60, 61, and 62. For t h e  
most pa r t ,  these curves a r e  der ived  by means o f  averaging t h e  r e s u l t s  d i r e c t l y  
from several re ferences as shown i n  t h e  respec t i ve  tab les .  

Where bas ic  in fo rmat ion  i n  t h e  re fe rence d i d  n o t  p rov ide  d a t a  represent ing  
c o r r e c t  s t r e s s  r a t i o s  f rom which comparisons cou ld  be made, t h e  bas ic  data i s  
expanded through use o f  an approximate Mod i f ied  Goodman diagram. Th is  method 
i s  descr ibed i n  re fe rence 36. 

The re fe rence l i t e r a t u r e  ( r e f .  37) assoc iated w i t h  t h e  4130 and 4340 
m a t e r i a l s  prov ided f a t i g u e  d a t a  i n  terms o f  a l t e r n a t i n g  and mean s t ress .  With 
use o f  mod i f ied  Goodman Diagrams it i s  poss ib le  t o  recons t ruc t  S-N curves 
(F igures  63 & 64) as a f u n c t i o n  o f  maximum-stress and any s t r e s s  r a t i o  des i red.  

F igu re  60 i l l u s t r a t e s  t h a t  t h e  f a t i g u e  s t r e n g t h - o f  t h e  h igher  s t reng th  
aluminum a l l o y  (7075-T6) a c t u a l l y  i s  i n f e r i o r  t o  t h e  lower s t reng th  a l l o y s .  
T h i s  would suggest t h a t  increases i n  s t a t i c  s t reng th  have been obta ined a t  t h e  
expense of an ac tua l  reduc t i on  i n  f a t i g u e  s t rength .  

T h i s  i s  n o t  t r u e  i n  t h e  comparison o f  4340 and 4130 s tee ls ;  however, t h e  
d i f f e r e n c e  i n  t h e  s t a t i c  s t reng th  of these two m a t e r i a l s  i s  much g rea te r  than 
t h e  d i f f e r e n c e  i n  t h e  f a t i g u e  s t rengths  ( r e f .  F igures 63 and 64). 

Comparison S-N curves f o r  p l a s t i c  laminates r e i n f o r c e d  w i t h  unwoven g lass  
The curves Sepresent t h r e e  f i l amen ts  a r e  presented i n  F igures 65, 66, and 67. 

cons t ruc t i ons :  ( 1 )  a l l  p l i e s  p a r a l l e l ,  ( 2 )  a l t e r n a t e  p l i e s  + - 5 t o  t h e  
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S-N COMPARISON CURVES FOR AXIALLY LOADED 
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S-N COMPARISON CURVES FOR AXIALLY LOADED ALUMINUM ALLOYS 

principal axis, ( 3 )  alternate plies Oo and 90' to the principal axis. 
indicate the fatigue strength of the S-glass filaments to be superior to the 
E-glass type. It also appears (Figures 66 and 6 7 )  that the fatigue character- 
istics of the S-glass laminates may be even further improved with the use of 
d i f ferent res i ns. 

A l l  

In recent years, more and more consideration is being directed toward 
the fracture characteristics of materials. 
thaf fatigue failures could occur as a result of one or a combination of 
several loading environments. These environments include normal working loads, 
noise induced vibrations, and accidental damage. When a crack originally 
develops in a structure, it creates a point of high stress concentration, and 
subsequent application of normal service loads w i l l  cause further extension of 

Acceptance i s  given to the fact 
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S-N COMPARISON CURVES FOR VARIOUS MATERIALS 

I o4 I o5 1 o6 I o7 
CYCLES TO FA1 LURE ( N )  

F igure 62 

t h e  crack. Th is  extension, o f  course, l a r g e l y  depends upon t h e  load/s t ress  
leve l  and t h e  inherent  crack-propagat ion c h a r a c t e r i s t i c  o f  t h e  ma te r ia l .  I t  i s  
extremely impor tant  these cracks be detected be fore  they  can extend t o  a length 
which would cause a ca tas t roph ic  f a i l u r e .  S t r u c t u r a l  inspec t ions  take  p lace  
p e r i o d i c a l l y ,  and c o n s i s t  o f  f requent  v i s u a l  examinat ions t o  de tec t  any obvious 
defects ,  together  w i t h  a d e t a i l e d  overhaul about once a year. 

Two quest ions which s t i l l  need answering a r e  as fo l l ows :  

( 1 )  How long must a c rack  be before it can be detected? 
(2) How long can it become before i t  leads t o  ser ious  f a i l u r e ?  

The ideal  c o n d i t i o n  would be such t h a t  a d e f e c t  which i s  approaching a 
de tec tab le  length  would n o t  become ca tas t roph ic  p r i o r  t o  t h e  nex t  scheduled 
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S-N COMPARISON CURVES FOR AXIALLY LOADED 4130 & 4340 STL. ALLOYS 
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F igu re  63 

I o7 

inspect ion.  A good design would t h e r e f o r e  consider  a ma te r ia l  which would 
s a t i s f y  these requirements; i.e., low crack-propagat ion r a t e  t o  a l l o w  s u f f i c -  
i e n t  t i m e  f o r  c rack  d e t e c t i o n  and h i g h  notch res i s tance  t o  insure adequate 
s t r e n g t h  a t  any c rack  l oca t i on .  These requirements a c t u a l l y  have led t o  a 
r e t u r n  t o  t h e  use o f  lower s t r e n g t h  aluminum a l l o y s ,  p a r t i c u l a r l y  i n  f a t i g u e  
c r i t i c a l  areas. 
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S-N COMPARISON CURVES FOR A X I A L L Y  LOADED 4130 & 4340 STL. ALLOYS 
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S-N CURVES OF LAMINATES MADE OF SCOTCHPLY RESINS AND UNWOVEN 
GLASS FIBERS HAVING ALTERNATE P L I E S  AT Oo a n d  90°T0 THE P R I N C I P A L  A X I S  
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S-N CURVES OF LAMINATES MADE OF SCOTCHPLY RESINS AND UNWOVEN GLASS FIBERS 
HAVING ALTERNATE P L I E S  ORIENTED AT + 5 O  TO P R I N C I P A L  A X I S  
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FASTENING DEVICES AND METHODS 

Meta ls  may be j o i n e d  by 
welding, brazing, so lde r ing  o 
be used t o  some degree i n  a i r  
s t r u c t u r a l  purposes, bu t  i s  f r e q u e n t l y  used i n  e l e c t r i c a l  work. 

manner: 

( 1  1 

(2) 

( 3 )  

( 4 )  

(51 

( 6 )  

R i v e t  i ng, 

Th is  sec t i on  inc ludes a d iscuss ion  o f  t h e  var ious  j o i n i n g  processes 
adaptable t o  a i r c r a f t  cons t ruc t i on .  Each method i s  presented i n  t h e  f o l l o w i n g  

A b r i e f  d e s c r i p t i o n .  

I l l u s t r a t i o n s  a r e  prov ided as necessary t o  c l e a r l y  d e f i n e  
t h e  method o f  cons t ruc t i on .  

Typ ica l  a l l owab le  s t reng ths  a re  g iven where app l icab le .  

Some comparisons (Fa t igue and S t a t i c  St rengths)  a re  made 
between two o r  more o f  t h e  techniques used. 

Advantages and disadvantages o f  each method a r e  l i s t e d .  

Typica l  a p p l i c a t i o n s  i n  a i r c r a f t  manufactur ing a r e  g iven 
f o r  each j o i n i n g  process. 

R ive ts  p lay  an important r o l e  i n  t h e  l i g h t  a i r c r a f t  indus t ry .  A t  t h e  
present  it i s  t h e  pr imary method o f  j o i n i n g  aluminum. Riveted cons t ruc t i on  
i s  r e a d i l y  c o n t r o l l e d  and inspected, and it does n o t  r e q u i r e  t h e  a p p l i c a t i o n  
o f  heat  t h a t  migh t  p a r t i a l l y  anneal o r  s i g n i f i c a n t l y  i m p a i r  t h e  co r ros ion  
res i s tance  o f  t h e  heat- t reated a l l o y s  used. The l i m i t e d  heat ing  requ i red  i n  
d imp l ing  sheets of some a l l o y s ,  and tempering be fore  r i v e t i n g  does n o t  impai r  
essen t ia l  p roper t i es .  Sheets less than 0.050 inch t h i c k  genera l l y  a r e  
dimpled f o r  countersunk head fasteners.  Th icke r  ma te r ia l  i s  machine counter-  
sunk. 

Countersunk head r i v e t s  a r e  used p r i m a r i l y  for  a t tach ing  o u t e r  sk ins  
whereas universal-head (mod i f ied  round) r i v e t s  a re  used ex tens i ve l y  i n  i n -  
t e r i o r  s t r u c t u r e s  where p ro t rud ing  heads a re  no t  ob jec t ionab le .  
s k i n  panels o f t e n  a re  r i v e t e d  by automat ic machines Cas I l l u s t r a t e d  i n  F ig -  
u re  6 8 )  made t o  form one o r  both heads of t h e  r i v e t .  The machines a re  fed  
w i t h  r i v e t s  o r  slugs; and t h e  heads a r e  u s u a l l y  shaved f l u s h  w i t h  t h e  e x t e r i o r  
s u r f  ace. 

Surface 

R i v e t  a l l o y  2117-T4 i s  t h e  most popular  f o r  general use, e s p e c i a l l y  f o r  
r i v e t i n g ,  because i t  d d r i v i n g  c h a r a c t e r i s t i c s  indef  i n -  
r sol u t i o n  heat  t r e a t  -T4 a l l o y  r i v e t s  a re  used occasion- 

a l l y  where h igher  s t r e n g t h  i s  wever, these must be used w i t h i n  
30 minutes a f t e r  heat  t reatmen era ted  u n t i  I used. 
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STANDARD AUTOMATIC R I V E T I N G  MACHINE 

S p e c i f i c a t i o n s  f o r  t h e  design o f  aluminum-alloy s t r u c t u r e s  genera l l y  
designate t h e  r i v e t  a l l o y s  t o  be used. Table XvII l i s t s  some combinat ions o f  
s t r u c t u r a l  and r i v e t  a l l o y s  t h a t  combine s a t i s f a c t o r i l y  i n  many app l i ca t i ons .  
Compatab i l i t y  f rom t h e  s tandpo in t  of e l e c t r o l y t i c  co r ros ion  cou ld  be one re -  
quirement. A l l o y  2213 i s  genera l l y  s p e c i f i e d  where r i v e t s  a re  t o  be used 
a t  e levated temperatures; however, t h i s  probably would no t  apply  i n  t h e  l i g h t  
a i r c r a f t  f l e t d  . 

I t  i s  considered poor p r a c t i c e  t o  use a la rge  r i v e t  i n  r e l a t i v e l y  t h i n  
metal o r  a small r i v e t  i n  t h i c k  meta l .  Furthermore, a loss i n  shear s t reng th  
can r e s u l t  when a r e l a t i v e l y  s o f t  r i v e t  i s  d r i ven  i n  a hard, t h i n  p l a t e .  
Tests i n d i c a t e  reduc t ions  i n  shear s t rengths  o f  approximately 30 percent  when 
t h e  r i v e t  d iameter i s  f o l l r  t imes g rea te r  than t h e  sheet being jo ined.  

The t y p e  o f  r i v e t  t o  be d r i v e n  genera l l y  governs t h e  s e l e c t i o n  of t h e  
d r i v i n g  method. A l l  s tandard r i v e t s  r e q u i r e  backing up, pressure, o r  impact, 
and a d r i v i n g - s e t  o r  head-forming f i x t u r e .  B l i n d  r i v e t s  r e q u i r e  spec ia l  t o o l s .  
Common p r a c t i c e  i s  t o  d r i v e  s o l i d  aluminum r i v e t s  w i t h  e i t h e r  squeeze r i v e t e r s  
o r  pneumatic hammers. The cup i n  a r i v e t  s e t  must conform t o  t h e  s t y l e  o f  t h e  
manufactured r i v e t  head. Bucking bars o r  pneumatic backups used i n  hammer 
r i v e t i n g  should have s u f f i c i e n t  f o r c e  t o  counteract  t h e  hammer blows. 
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TABLE XVII 
ALUMINUM - SATISFACTORY COMBINATIONS 

OF STRUCTURAL AND RIVET ALLOYS 

STRUCTURAL ALLOYS I RIVET ALLOYS I 
1 xxx SERIES 
3 xxx SERIES 
5 xxx SERI ES 
6 xxx SERIES 

2 xxx and 7 xxx SERIES 

Magnes i um Base 

1100 I 
6053,606 1 
5056,6053,6061 
6053, 6061, 7277 
2017,2024,2117,2219 
6061,7075,7277 
5056 

F lush - r i ve ted  j o i n t s  r e q u i r e  countersunk head r i v e t s .  E i t h e r  t h e  manu- 
fac tu red  o r  t h e  d r i v e n  head can be countersunk; however, i n  most instances 
t h e  manufactured countersunk head i s  used. Counters ink ing t h e  metal f o r  
f l u s h  r i v e t s  i s  done by machine coun te rs ink ing  i n  heavy gages, o r  by pre- 
d impl ing o r  d imp l i ng  i n  t h i n n e r  gages, as i s  common i n  a i r c r a f t  cons t ruc t i on .  
I n  a predimpl ing operat ion,  d ies  a r e  used t o  press coun te rs ink  t h e  metal,  
whereas i n  dimpl ing,  t h e  r i v e t  i s  used w i t h  a d i e .  For some a l l o y s ,  heated 
d i e s  must be used. 
r a t h e r  than pressing. E i t h e r  technique used i s  in f luenced by t h e  th i ckness  
and s t r e n g t h  o f  t h e  a l l o y ,  r i v e t  s ize,  h o l e  diameter, and coun te rs ink  angle. 

Counters ink ing can a l s o  be accomplished by sp inn ing 

I t  i s  important t h a t  a l l  d r i v i n g  s e t s  have smooth po l i shed  surfaces, so 
t h e  metal can f low e a s i l y  w h i l e  being formed. As a r u l e  t h e  diameter of t h e  
d r i v e n  head should n p t  be less than  1.3 t imes t h e  diameter o f  t h e  o r i g i n a l  
shank. The r i v e t  length should be s u f f i c i e n t  t o  f i l l  t h e  h o l e  and form a 
s a t  i s f  a c t o r y  head. 

Tubular, semitubular,  and s p l i t  r i v e t s  a r e  u s u a l l y  d r i ven  w i t h  high-speed 
automat ic o r  semi-automatic r i v e t i n g  machines. 

D r i v i n g  equipment requ i red  for  b l i n d  r i v e t s  depends on t h e  r i v e t  type. 
The d r i v e - p i n  t y p e  can be d r i v e n  w i t h  an o r d i n a r y  hammer; t h e  exp los i ve  t y p e  
requ i res  a heat  source such as a s o l d e r i n g  i ron .  Most manufacturers o f  b l i n d  
r i v e t s  p rov ide  t h e  d r i v i n g  equipment needed. 

Carefu l  a t t e n t i o n  t o  d e t a i l s  i n  r i v e t  design and f a b r i c a t i o n  pays b i g  
d iv idends i n  f a t i g u e  l i f e .  When a f a t i g u e  f a i l u r e  occurs i n  a s t r u c t u r e ,  it i s  
u s u a l l y  a t  a p o i n t  of s t r e s s  concen t ra t i on  which cou ld  have been improved 
w i t h  l i t t l e  o r  no added expense. 

To meet t h e  requirements o f  l a r g e  volume product ion demands, automat ic 
r i v e t i n g  machines must be used t o  insure h igh  q u a l i t y  w i t h  reasonable costs .  
Commercial and M i l i t a r y  a i r c r a f t  manufacturers have been us ing automat ic r i v e t -  
ing  f o r  more than f i v e  years. I t  has been est imated f a t i g u e  l i f e  i s  increased 
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RIVETING EQUIPMENT 

"C" Type Ydke 

\ 
Stat iona ry  Squeezer 

F igure  69 

by approx imate ly  200 percent  over  hand r i v e t i n g .  Th is  increase i s  a t t r i b u t e d  
t o  r i v e t i n g  un i fo rm i t y ,  something impossible w i t h  hand r i v e t i n g .  

A la rge  commercial a i r c r a f t  manufacturer i s  i n s t a l l i n g  one o f  t h e  wor ld 's  l a rges t  
automat ic  r i v e t i n g  machines a t  i t s  p l a n t .  R i v e t i n g  w i l l  be performed a t  t h e  r a t e  
of  s i x  seconds per  r i v e t .  
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Th is  machine i s  equipped w i t h  an automatic-sensing device, whereby 
r i v e t i n g  i s  performed t o  to le rances  o f  0.005 inch w h i l e  ma in ta in ing  con- 
s i s t e n t  r e p e a t a b i l i t y .  Normal i ty  sensors au tomat i ca l l y  determine t h e  contour  
o f  t h e  wing surface; and guide t h e  angle of t h e  d r i l l  acco rd ing l y  so a l l  ho les 
a r e  e x a c t l y  a l i k e .  A l l  ope ra t i ons  of  t h i s  system a r e  preplanned on pe r fo ra ted  
tape t o  a u t o m a t i c a l l y  c y c l e  from h o l e  t o  h o l e  w h i l e  d r i l l i n g ,  counte 
pressure squeezing, impacting, and shaving t h e  r i v e t  t o  a smooth su r  
corresponding t o  t h e  panel contour.  

Automatic r i v e t i n g  machines can be s e t  up t o  t r a v e l  over  t h e  panel or  
remain s t a t i o n a r y  w h i l e  t h e  work, he ld i n  a f i x t u r e ,  moves pas t  t h e  machine. 

The s i z e  and shape o f  t h e  assemblies determine which method i s  more s u i t -  
ab le .  Tack r i v e t s  a re  used t o  tempora r i l y  f a s t e n  t h e  sheets toge the r ,  and l a t e r  
a r e  replaced by permanent hand-driven types. 

Desiqn-al lowable strengths.-The s t r e n g t h  of a r i v e t e d  j o i n t  i s  governed 
by t h e  shear s t r e n g t h  of  t h e  i n d i v i d u a l  r i v e t s ,  t h e  bear ing s t r e n g t h  o f  t h e  
sheet, and t h e  e f f i c i e n c y  of  t h e  sheet i n  tens ion.  
s t reng ths  o f  s i n g l e  r i v e t s  a r e  g i ven  i n  Table XVIII based on values shown i n  
MIL-HDBK-5 (S t reng th  o f  Metal A i r c r a f t  Elements). 
a n t i c i p a t e d ,  j o i n t  s t reng ths  w i l l  probably be based on t h e  bear ing s t r e n g t h  o f  
t h e  sheet, o r  t h e  shear s t r e n g t h  o f  t h e  r i v e t s .  

Some t y p i c a l  u l t i m a t e  shear 

Due t o  t h e  l i g h t  loadings 

TABLE XVIII 

ALUMINUM RIVET ULTIMATE SHEAR STRENGTH ( s i n g l e  shear i n  I b s )  
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A f a t i g u e  l i f e  comparison o f  a we l l  designed r i v e t e d  j o i n t  t o  several 
adhesive bonded j o i n t s  i s  shown i n  t h e  sec t i on  on bonding i n  F igu re  76.  I t  
appears, a t  l e a s t  from t h i s  s tandpoint ,  b e t t e r  performance would be expected 
from a bonded j o i n t ;  however, cons ider ing  a l l  t h e  parameters (cost ,  r e l i a b i l -  
i t y  or q u a l i t y  c o n t r o l ,  p roduc t ion  schedules, e tc . ) ,  t h e  autom 
concept cou ld  prove most worthy. 

E l e c t r i c  Welding 

E l e c t r i c  welding i s  o f t e n  used i n  a i r c r a f t  cons t ruc t i on .  I t  i s  t h e  o n l y  
welding method used f o r  j o i n i n g  s t r u c t u r a l  co r ros ion - res i s tan t  s tee l ;  and has 
been genera l l y  adopted f o r  most aluminum a l l o y s .  S i x  bas ic  res i s tance  welding 
processes a r e  commonly used w i t h  aluminum: spot, seam welding t o  make l a p  
j o i n t s ,  upset  and f lash-weld ing for  b u t t  j o i n i n g ,  percussion weld ing t o  a t t a c h  
s tuds t o  surfaces. 

These processes a r e  r a p i d  and economical ly j u s t i f i e d  f o r  h igh  volume pro- 
duc t ion .  With proper  ma te r ia l  p repara t i on  cons is ten t  weld q u a l i t y  may be 
achieved au tomat i ca l l y  by t h e  welding equipment. T h i s  technique i s  independent 
o f  opera tor  s k i l l ;  and one machine may be used t o  weld a range o f  th icknesses 
and s i zes  

Spotwelding. - Used p r i m a r i l y  i n  shear app l i ca t i ons ;  however, it i s  no t  
recommended i n  t h e  f o l l o w i n g  areas: 

( 1 )  attachment of f langes  t o  shear webs 

( 2 )  attachment o f  spar caps o r  shear web f langes  t o  wing s k i n  

( 3 )  attachment of  r i b s  t o  spars o r  shear webs 

( 4 )  a t  t r u s s  panel p o i n t s  i n  spars o r  r i b s  

(5 )  a t  j u n c t i o n  p o i n t s  o f  s t r i n g e r s  o r  s t i f f e n e r s  w i t h  r i b s ,  un less a 
stop r i v e t  i s  used 

( 6 )  a t  ends o f  s t r i n g e r s . o r  s t i f f e n e r s ,  un less a s top r i v e t  i s  used 

( 7 )  on each s i d e  o f  a jogg le ,  o r  wherever t h e r e  i s  a p o s s i b i l i t y  o f  a 
tens ion  load component, unless a stop r i v e t  i s  used 

( 8 )  s p l i c e s  exposed t o  t h e  a i r s t ream should be so designed t h a t  f l ow  
of t h e  a i r s t ream would n o t  tend t o  p r y  it a p a r t  

Anod ica l l y  t r e a t e d  sur faces cannot be spotwelded; consequent ly t h e  
f a y i n g  sur faces of a spotwelded seam must be l e f t  unprotected p r i o r  t o  welding. 
The assembled p a r t s  a r e  a n o d i c a l l y  t r e a t e d  o r  pa in ted  a f t e r  welding. For t h i s  
reason t h e r e  i s  some doubt about t h e  a d v i s a b i l i t y  o f  spotwelding aluminum 
a l l o y s ,  o t h e r  than 5052 o r  c l a d  ma te r ia l s ,  i f  t h e  assemblies a r e  sub jec t  t o  
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severe co r ros ion .  I t  
app l i ed  t o  t h e  f a y i n g  

A French a i r c r a f  
c r a f t ,  us ing spotweld 
mass-production techn 

i s  p o s s i b l e  t o  spotweld through wet zinc-chromate pr imer  
surfaces. 

company, has r e c e n t l y  developed a s e r i e s  o f  l i g h t  a i r -  
ng q u i t e  ex tens i ve l y .  T h i s  company s e t  o u t  t o  i nco rpo ra te  
ques, and i n  so doing reduced cos ts  acco rd ing l y .  The 

number o f  p a r t s  i s  reduced by us ing  c e r t a i n  components i n  several  appl i c a t i o n s .  
Standard j o i n i n g  techniques a r e  employed i n  f a b r i c a t i n g  major subassemblies 
(wing sect ion,  forward fuselage sect ion,  a f t  fuselage sect ion,  e t c . )  These a r e  
mated on t h e  f i n a l  assembly j i g  as i n  an automobile assembly l i n e .  

Normal r i v e t i n g  i s  l i m i t e d  o n l y  t o  pr imary j o i n t s ;  whereas a l l  t h e  re-  
maining connect ions a r e  spotwelded w i t h  automat ic welding machines. 
machines a r e  programmed w i t h  pe r fo ra ted  tape t o  perform t h e  complete welding 
operat ion;  consequently t h e  operator  stands by and o n l y  takes over  i n  t h e  
event o f  any ma l func t i on ing .  

These 

Fuselage welding i s  performed i n  two stages. By us ing t h i s  f a b r i c a t i o n  
technique, t h e  main s t r u c t u r a l  elements o f  t h e  fuselage a r e  welded by machine 
i n  about t e n  hours. 

The fuselage c o n s i s t s  o f  a forward s e c t i o n  and t a i l  cone j o i n e d  by a 
r i v e t e d  s k i n  s p l i c e .  The longerons a l s o  extend o u t  from t h e  r e a r  sect ion,  and 
a r e  s p l i c e d  w i t h  r i v e t s  t o  t h e  longerons o f  t h e  forward sec t i on .  T h i s  con- 
s t i t u t e s  an a l l  r i v e t e d  pr imary j o i n t .  F igu re  70. 

F a b r i c a t i o n  o f  t h e  wing i s  performed i n  a very s i m i l a r  manner whereby 
r i v e t i n g  i s  used o n l y  on t h e  wing spars, r i b s  t o  s t i f f e n e r s ,  s t i f f e n e r  t o  
spar cap attachments, a l l  these considered as pr imary j o i n t s .  

The a i l e r o n s  and f l a p s  have i d e n t i c a l  p r o f i l e .  The s k i n  i s  formed over  
t h e  contour  and spotwelded t o  t h e  r i b s  and bent-up sheet metal longeron. 
(Ref F ig .  71) The t r a i l i n g  edge i s  const ructed w i t h  beaded sheet metal s k i n s  
spotwelded t o  t h e  r i b s ,  t h e  longeron and a t  t h e  t r a i l i n g  edge. T h i s  process 
a p p l i e s  t o  a l l  movable surfaces on t h e  a i r c r a f t .  

Design-Allowable Strengths o f  Resistance Spotwelds: The s t r e n g t h  o f  a 
spotwelded j o i n t  i s  governed by t h e  shear s t r e n g t h  o f  t h e  i n d i v i d u a l  spots, and 
t h e  e f f e c t  o f  t h e  spotwelds on t h e  t e n s i l e  s t r e n g t h  o f  t h e  bas i c  sheet. There- 
fore,  both t h e  shear s t r e n g t h  o f  t h e  spotweld, and t h e  tens ion  e f f i c i e n c y  o f  
t h e  spotwelded sheet, must be considered i n  determining t h e  s t r e n g t h  o f  a 
spotwelded j o i n t .  

The a l l owab le  u l t i m a t e  shear s t reng ths  of s i n g l e  spotwelds a r e  g i ven  i n  
Table XIX. The a l l owab le  s t r e n g t h  o f  
a spotweld between two sheets o f  d i f f e r e n t  m a t e r i a l  or th ickness i s  t h e  lower 
of  t h e  a l l owab les  f o r  t h e  i n d i v i d u a l  sheets, as determined from t h e  tab les .  

Values a r e  reproduced from MIL-HDBK-5. 
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CURRENT LIGHT AIRCRAFT SPOT WELDED FUSELAGE CONSTRUCTION 

The longitudinal stiffene s are fi - s t  welded to the skins. The transverse 
members are then welded to the panel which is sufficiently flexible to be 
fitted into the second stage jig without any shaping. 

Figure 70 

103 



CURRENT L IGHT AIRCRAFT SPOT WELDED FLAP CONSTRUCTION 

F igure  71 

TABLE XIX 

( P o u n d s  per  S p o t w e l d )  
ALLOWABLE ULTIMATE SHEAR STRENGTHS OF SINGLE SPOTWELDS (ALUMINUM ALLOYS) 
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Due to the anticipated light 
the joint strengths would be 
spotwelds. 

Seam welding. -1dentica 
driven rollers as electrodes 
the rate of two to seven fee 

loadings involved with this type of aircraft, 
based primarily on the shear strengths of the 

to spotwelding, except for the use of power- 

per minute by this method. 
A continuous airtight weld can be obtained at 

Some advantages of electric resistance spot and seam welding: 

( I 1  Spotwelding is faster than riveting because no layout and drilling of 
holes are necessary. 
time required to insert and head one rivet. 

Numerous spotwelds can also be made in the 

( 2 )  Spot and seam welding do not add weight to the structure. 

( 3 )  Seam-welded watertight joints do not require the insertion of tape 
and a sealing compound. Weight and expense are saved. 

( 4 )  The drag of rivet heads is eliminated on exterior surfaces. 

Butt welding. - Butt welding is applicable to almost all metals. The work 
to be welded is clamped in large copper jaws also serving as electrodes. One 
of the jaws is movable. At the- proper time, pressure is appl ied to the mov- 
able jaw to bring the work in contact. When the electric current is applied 
after the parts are pressed together it is called upset butt welding. In flash 
welding the edges are brought close enough together to start arcing, and when 
they reach fusion temperature, the current is turned off and pressure is 
applied. All wrought alloys of solid cross-section up to about 0.5 square 
inch in cross-sectional area can be upset butt welded. Square-cut abutting 
surfaces, free of lubricant, are required for optimum welding results. Shear- 
ing or sawing the ends just before welding is adequate preparation, 

Arc welding. - Arc welding i s  based on the heat generated in an electric 
arc. Variations in this process are metallic arc welding, carbon arc welding, 
atomic-hydrogen welding, inert-arc welding (heliarc), and multiarc welding. 

Arc welding to a limited extent has been used for many years in aircraft 
fabrication. Probably the flexibility and general all-around good results 
obtained with gas welding retarded its extensive use; however, in recent 
years, its use is increasing rapidly as its economics and advantages become 
more apparent. In arc welding, the applied heat is more concentrated, re- 
sulting in a quicker welding with less expansion and warping as compared to 
gas welding. This makes it possible to hold closer to 
quiring machining after welding. An allowance of 1/16 
sufficient for most assemblies. 

By using the heliarc (inert-arc) welding process, 
be made with aluminum, and if argon is used for a shie 

erances on parts re- 
inch is usually 

satisfactory welds may 
ding gas, no flux is 
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requi red.  
from alum'inum welded j o i n t s  i s  extremely impor tant  t o  avo id  cor ros ion .  
types of  welded j o i n t s  cannot be made when us ing  welding methods r e q u i r i n g  
f l u x i n g .  
process. 
cess. 

loy s t e e l s  f o r  ma te r ia l  ad jacent  t o  t h e  weld, when s t r u c t u r e  i s  welded a f t e r  
heat  t reatment,  i s  shown i n  Table XX. 

Dispensing w i t h  f l u x  i s  a d e f i n i t e  advantage because f l u x  removal 
Many 

Cor ros ion - res i s t i ng  s tee l  as t h i n  as 0.010 inch can be welded 
Steel ,  copper, and many a l l o y s  can be r e a d i l y  

Parent ma te r ia l  weld a l lowab les :  A l lowable u l t i m a t e  t e n s i l e  s t r e s s  i n  a l -  

TABLE XX 
ALLOWABLE ULTIMATE TENSILE STRESSES NEAR FUSION WELDS 

IN 4130, 4140, 4340, OR 8630 STEELS 

I Sect ion  Thickness 1/4 Inch o r  Less 

a l  I o the rs  

For a l l o y  s t e e l  members subjected t o  bending, t h e  a l lowab le  modulus o f  
rup tu re  when welded a f t e r  heat t rea tment  should n o t  exceed t h e  Fb equ iva len t  t o  
t h a t  for  s t e e l  having a Ftu = 90,000 p s i .  

S t rength  o f  Weld Metal (Welding Rods) 

Table XXI i nd i ca tes  a l lowab le  weld metal s t reng ths  f o r  var ious  s t e e l s .  
These a re  based on 85 percent  o f  respec t i ve  minimum t e n s i l e  uIt ima<-e t e s t  values 

TABLE XXI 
WELD METAL STRENGTHS FOR WELDED JOINTS (Welding Rods) 

32 51 
A l l o y  s t e e l s  none 43 72 

A l l o y  s t e e l s  s t r e s s  r e  I ieved 50 85 

Stee I s 

4130 125 k s i  63 I05 
4140 150 k s i  75 I25 
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Welding Considerat ions 

There a r e  many general cons ide ra t i ons  a l l  
w i t h  i n  des ign ing welded j o i n t  e f o l l o w i n  
we I d i ng . 

( I )  S t r a i g h t  t e n s i o n  welds sh 
e f f e c t .  When a weld mus 
patch should be d t o  increase t h e  
p a r t  o f  i t  i n  sh 

( 2 )  A weld should never be made a l l  around a tube i n  t h e  same plane. A 
f ishmouth weld should be made. T h i s  s i t u a t i o n  a r i s e s  f r e q u e n t l y  
when a t t a c h i n g  an end f i t t i n g  t o  a s t r u t .  

( 3 )  Two welds should n o t  be placed c l o s e  toge the r  i n  t h i n  m a t e r i a l .  
Cracks w i l l  r e s u l t  because o f  t h e  lack o f  metal t o  absorb shr inkage 
st resses.  

( 4 )  Welds should n o t  be made on both s ides of  a t h i n  sheet. 

( 5 )  Welds should n o t  be made along bends, o r  cracks w i l l  develop i n  
serv i ce. 

( 6 )  Welded re in forcements should never end a b r u p t l y .  The sudden change 
o f  s e c t i o n  w i l l  r e s u l t  i n  f a i l u r e s  by c rack ing  when i n  se rv i ce .  

( 7 )  A i r c r a f t  b o l t s  should never be welded i n  p lace  unless they a r e  made 
o f  weldable m a t e r i a l  and a r e  going t o  be welded t o  a s i m i l a r  meta l .  
Furthermore, welding w i l l  dest roy t h e  heat- t reated c o n d i t i o n  o f  t h e  
b o l t .  T h i s  has t o  be considered i n  t h e  des ign/analys is .  The same 
comments a r e  v a l i d  f o r  a i r c r a f t  nuts.  However, when requi red,  t a c k  
welding i n  t h r e e  places i s  u s u a l l y  a l l  t h a t  i s  necessary t o  p o s i t i o n  
them. 

( 8 )  When poss ib le ,  welded p a r t s  should be normalized o r  heat t r e a t e d  
a f t e r  completion, t o  r e f i n e  t h e  g r a i n  and r e l i e v e  i n t e r n a l  s t resses 
caused by shr  i nkage. 

I f  welded p a r t s  a r e  n o t  normalized they could develop cracks i n  serv ice,  
p a r t i c u l a r l y  i f  subjected t o  v i b r a t i o n a l  stresses. T h i s  i s  because weld mater- 
i a l  i s  c a s t  metal l ack ing  t h e  s t rength,  d u c t i l i t y ,  o r  shock r e s i s t a n c e  of 
wrought metal .  The i n t e r n a l  s t resses a r e  a l s o  seeking t o  a d j u s t  themselves. 
Sharp bends o r  corners, r r a p i d  changes o f  s e c t i o n  i n  t h e  v i c i n i t y  o f  welds 
a r e  e s p e c i a l l y  l i a b l e  t 

I n  t h e  design o f  t u b u l a r  j o i n t s ,  ca re  should be taken t o  make a l  I welds 
access ib le .  F igu re  72 i l l u s t r a t e s  i n d u s t r y  accepted design p r a c t i c e s .  These 
c o n f i g u r a t i o n s  p rov ide  proper s t r e s s  d i s t r i b u t i o n s  through t h e  j o i n t s  and 
should be fo l l owed  as much as poss ib le .  
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DES I GN PRACT I CES FOR WELDED TUBULAR JO I NTS 

BAD 
a )  Gr ind ing  o r  machining o f  weld could I r e s u l t  i n  f a i l u r e  

ACCEPTABLE 

c )  L i g h t l y  loadeg attachment, angle Q I n o t  more than 30 . 

ACCEPTABLE I e >  (For  l i g h t  loads) 

b) Pinched end, even w i t h  r e i n f o r c i n g  
s leeve i s  prone t o  c rack  a t  t h e  benc 
as a r e s u l t  o f  cold-working i n  
manufacture o r  f a t i g u e  i n  serv ice .  

BAD 
d )  (Require excessive cold working of 

tube. 1 

GOOD 
f )  For l i g h t  loads. 

F igure  72 
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I 

LIGHT LOADS 
1 )  (Not very strong in compression duc 

to crushinq under spacer tube). 

HEAVY LOADS 
i )  Stagger termination of welds 
at oDDosite sides of tube. 

k )  Satisfactory for a fixed end 

LIGHT LOADS 
1 (This is an improvement on Isgts 
Provide enough material on bushing 
to avoid machininq of weld). 

ACCEPTABLE 

1 Welding o f  standard clevis 

1 )  Satisfactory for a fixed end 

109 



m) Minimize eccentricity between tube center lines and loads. 
Note: applicable to any weldment: Keep thickness ratio between two 

welded parts (t, and t2) less 
than 2 to I to prevent ourning 1 through thinner sheet. 

L 

-- 

HEAVY LOADS 

n )  Fitting plate attachment. 

L I G H T  LOADS 
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CORRECT I P )  F i t t i n a  D l a t e  attachment 

J a L b - J  
I NCORRECT 

BAD I GOOD 

q )  Tube C l u s t e r  - (Keep e c c e n t r i c i t i e s  t o  minimum) 

GOOD BAD I r> Tube C l u s t e r  - (Keep e c c e n t r i c i t i e s  t o  minimum) 
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I 

S I  Gussetinq 

B 

t) Gusseting - Use when t h e  j o i n t  i s  subjected t o  v i b r a t i o n  or- reversed loads.  

r 30° 

BUTT WELD FISHMOUTH WELD 

u )  Tube Sp l i ces  

F igu re  72 -Concluded. 
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Braz i n q  

Braz ing  i s  a m 

amount o f  t h e  base metal i s  melted. Thus, t h e  temperatures for braz ing a r e  
in te rmed ia te  between those f o r  welding and so lder ing .  The s t reng th  and cor ro -  
s ion  res i s tance  c h a r a c t e r i s t i c s  o f  a brazed assembly a l s o  genera l l y  f a l l  between 

welded and so ldered assemblies. 

Braz inq  aluminum.-Nonheat-treatable wrought a l l o y s  brazed most success fu l l y  
a r e  t h e  l x x x  and 3xxx ser ies ,  and t h e  low-magnesium 5xxx se r ies .  A l l o y s  con- 
t a i n i n g  a h igher  magnesium content  a r e  more d i f f i c u l t  t o  braze by t h e  usual f l u x  
methods, because o f  poor w e t t i n g  by f i l l e r  metal and excessive penet ra t ion .  
F i l l e r  meta ls  a re  a v a i l a b l e  t h a t  m e l t  below t h e  m e l t i n g  temperature o f  a l l  
commercial-wrought nonheat- t reatable a l l o y s .  

O f  t h e  hea t - t rea tab le  a l l o y s ,  those most commonly brazed a re  t h e  6xxx 
se r ies .  
7xxx s e r i e s  i s  low m e l t i n g  and, t he re fo re ,  no t  normal ly  brazeable, w i t h  t h e  
except ion of 7075 and x7005. 

The Zxxx s e r i e s  may be brazed q u i t e  s a t i s f a c t o r i l y ;  however, t h e  

M a t e r i a l  Combinations - Aluminum 

( 1 )  I t  i s  des i rab le  f rom a 
i n  t h e i r  e n t i r e t y  from 
these two mate r ia l s .  

( 2 )  Combinations of a l l o y s  
d i f f i c u l t  t o  braze and 

produc t ion  s tandpo in t  t o  design assemblies 
Zxxx o r  3xxx a l l o y s ,  o r  combinations o f  

(Zxxx t o  61xx, Zxxx t o  53xx, e t c . )  a re  
should be avoided. 

( 3 )  Combinations o f  61xx o r  53xx t o  61xx a r e  s a t i s f a c t o r y .  

( 4 )  Braz ing sheets must be used i n  combinat ion w i t h  Zxxx o r  3xxx a l l o y s  
on I y. 

Braz ing  sheets sho d where a la rge  number o f  j o i n t s  a r e  nec- 
o r  ducts, tanks, o r  
r e  o r  o t h e r  f 
o u l d  a l s o  be 

a l l ow ing  g r a v i t y  
brazed j o i n t s  a r e  shown i n  

ne by braz ing  
w i t h  
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TYPICAL EXAMPLES OF BRAZING 

Shim of Fi l ler  Mater ia l  
For Alumin.um 

0-3 degree 
Thin Sheet 0.25 Inch or less 7 r 

Cy lindrica I 
Undesi ra b le 

Makes a Line Contact 

Spotwe Id 

- Brazing Sheet 

1 -' Brazing Sheet 
for Aluminum 

Good 

Fi I ler M a t e r i a l p  

Duct and Tank Applications 

F igu re  73 
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When copper a l l o y s  a r e  used, b raz ing  i s  Derformed w i t h i n  a furnace 
copper furnace b raz ing ) ,  having a c o n t r o l  led heat o f  2050'F. 
-he m e l t i n g  p o i n t  o f  copper (1985OF); t h e r e f o r e  t h i s  may be accomplished by 
induct ion,  torch,  resistance, furnace, o r  d i p  methods. 

T h i s  i s  above 

The s e l e c t i o n  o f  t h e  b raz ing  method depends upon t h e  m a t e r i a l s  involved, 
t h e  shape and s i z e  o f  t h e  pa r t s ,  whether heat t rea tmen t  a f t e r  braz ing i s  re -  
qu i red,  t h e  number o f  pa r t s ,  e t c .  

M a t e r i a l s  f o r  braz ing s t e e l :  Most s t e e l s  may be brazed by e i t h e r  method; 
however, c o r r o s i o n - r e s i s t a n t  s t e e l  may n o t  be copper-furnace brazed. Only t h e  
s t a b i l i z e d  grades o f  18-8 s t a i n l e s s  s t e e l  (321 and 347) can be s i l v e r  brazed as 
t h e  temperatures invo lved impai r  t h e  co r ros ion  r e s i s t a n c e  o f  t h e  u n s t a b i l i z e d  
grades (302 and 3 0 3 ) .  The phys ica l  p r o p e r t i e s  o f  heat- t reated and cold-worked 
m a t e r i a l s  a r e  reduced by t h e  temperatures requ i red  f o r  brazing. 

Heat t reatment  may be performed on copper-furnace-brazed assemblies; how- 
ever, due t o  t h e  low m e l t i n g  p o i n t  o f  t h e  s i l v e r  a l l o y s ,  it i s  n o t  poss ib le  t o  
heat t r e a t  s t e e l  assemblies a f t e r  s i l v e r  braz ing has been performed. 

Fusion welding a f t e r  braz ing i s  normal ly p r o h i b i t e d  w i t h i n  t h r e e  inches o f  
a brazed j o i n t .  

The same general design guide i l l u s t r a t e d  f o r  va r ious  j o i n t s  i n  F igu re  73 
should a l s o  be used f o r  s t e e l  m a t e r i a l s .  

A l lowable stresses.-Fs, = a l l owab le  u l t i m a t e  shear s t r e s s  f o r  t h e  brazed 
area = 15000 ps i  ( t h i s  a p p l i e s  t o  a l l  c o n d i t i o n s  o f  heat t reatment  f o r  a l l  appl i -  
cable m a t e r i a l s ) .  

Because of decarburat ion o c c u r r i n g  dur ing brazing, t h e  s t r e n g t h  o f  t h e  
pa ren t  m a t e r i a l  i n  most cases i s  reduced as f o l l o w s :  

TABLE XXII 
EFFECT OF BRAZING ON ALLOWABLE STRENGTH 

i n  as-brazed c o n d i t i o n  

heat- t reated m a t e r i a l  mechanical p r o p e r t i e s  
( i n c l u d i n g  normal ized) corresponding t o  heat  
rehea t - t rea ted  d u r i  ng o r  
a f t e r  braz i ng 

t reatment  performed 
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Advantages of  brazing.-  

( 1 )  p a r t s  t o o  t h i n  t o  weld may o f t e n  be brazed. 

(2 )  heavy sec t i ons  may be j o i n e d  t o  t h i n  sheets.  

( 3 )  

( 4 )  

Disadvantages of  brazing.-  

warpage and d i s t o r t i o n  a r e  reauced. 

brazed j o i n t s  a r e  vacuum t i g h t .  

assemblies made of  Zxxx and 3xxx aluminum a l l o y s  a r e  f u l l y  
annealed dur ing  brazing, and cannot be res tored  t o  t h e  o r i g i n a l  
hardness; s t e e l s  must be heat  t r e a t e d  again t o  o b t a i n  o r i g i n a l  
s t rengths ,  

s e r i e s  53xx and 61xx aluminum a l l o y s  must be heat t r e a t e d  and 
a r t i f i c i a l l y  aged a f t e r  b raz ing  t o  o b t a i n  t h e  c o n d i t i o n  requ i red .  

brazed assemblies cannot be p u t  i n t o  t h e  furnace fo r  a second 
braz ing unless t h e r e  i s  a f i l l e r  ma te r ia l  w i t h  a lower m e l t i n g  
p o i n t  than used i n  t h e  prev ious braz ing.  

res i s tance  t o  co r ros ion  of  aluminum a l l o y s  genera l l y  i s  n o t  
impaired by brazing; however, i f  f l u x  i s  no t  complete ly  re -  
moved, t h e  res idue w i  I I cause co r ros ion  ( i n t e r d e n d r i t i c  a t t a c k  on 
t h e  f i l l e t s ,  and i n t e r g r a n u l a r  a t t a c k  on t h e  base me ta l ) ;  i f  f l u x  
i s  n o t  removed, it causes r a p i d  p i t t i n g  i n  t h e  presence of  
mois ture.  

when two aluminum a l l o y s  a r e  brazed together ,  exposure t o  s a l t  
water o r  some o t h e r  e l e c t r o l y t e  may r e s u l t  i n  a t t a c k  on t h e  more 
anodic p a r t ;  t h i s  c o n d i t i o n  i s  aggravated i f  t h e  anodic p a r t  i s  
r e l a t i v e l y  small  compared t o  t h e  o t h e r  p iece.  

furnace braz ing  causes a c e r t a i n  amount o f  d i f f u s i o n  of  a c l a d  
su r face  reducing i t s  co r ros ion  res is tance;  Braz ing Sheet No. 100 
must be used f o r  such a p p l i c a t i o n s  ( f i l l e r  metal on one s i d e  and 
a spec ia l  a l c l a d  a l l o y  on t h e  o t h e r  s ide) .  

App l i ca t i ons  o f  brazing.-  

( 1 )  Con t ro l s  and mechanisms fo r :  

(a )  accessor ies.  

( b )  e l e c t r i c a l  system. 

( c )  f u e l  and o i l  system. 
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( d )  heat ing,  v e n t i l a t i n g ,  and de - i c ing  systems. 

( e )  power p l a n t  c o n t r o l s .  

( f  1 hydraul i c  equipment. 

( 2 )  Supports and attachments f o r :  

( a )  accessories, instruments, rad io,  e t c .  

( b )  antenna masts and housings. 

( c )  p i t o t  masts. 

( d )  landing gear doors o r  entrance doors. 

( 3 )  Miscel laneous. 

( a )  landing gear up-lock systems. 

( b )  handles ( a s s i s t ,  door, pump, seat adjustment, e t c . )  

Bond i n g  

Many t imes, adhesives a r e  c a l l e d  t h e  modern t o o l  f o r  j o i n i n g  assemblies; 
however, t h e  o n l y  modern aspect i s  t h a t  bonding agents have been g r e a t l y  i m -  
proved. There i s  much h i s t o r i c a l  precedent associated w i t h  t h i s  technique back 
t o  t h e  e ra  when wood a i r c r a f t  s t r u c t u r e  was f i r s t  g lued together .  The o l d  
Mosquito bomber o f  t h e  e a r l y  1940's used plywood wings bonded w i t h  wood 
g I ue. 

Although much research was conducted p r i o r  t o  1940, t h e  i n i t i a l  success- 
f u l  adhesives were n o t  developed u n t i l  t h e  e a r l y  1940ts. A group o f  pheno l i c  
r e s i n - s y n t h e t i c  rubber hyb r ids  were developed by one United States automobile 
manufactuer which maintained h igh  s t r e n g t h  over a wide range o f  temperatures. 
About t h i s  same t ime  an adhesive manufactur ing company i n  England was exper i -  
encing success w i t h  an adhesive fo rmu la t i on  based on a pheno l i c  r e s i n - p o l y v i n y l  
combination. 

The American developed adhesives were s i n g l e  component systems which cou ld  
be e a s i l y  a p p l i e d  w i t h  s imple t o o l s  (brush, r o l l e r ,  e t c . ) ,  whereas t h e  B r i t i s h  
system was a more s o p h i s t i c a t e d  two-part  system. 
necessary f i r s t  t o  apply  a l i q u i e d  pheno l i c  r e s i n  t o  t h e  adherends,followed by 
a l aye r  o f  powder over t h e  l i q u i d  f i l m .  The powder, a p o l y v i n y l  formal, 
developed t h e  necessary toughness o r  e l a s t i c i t y  i n  t h e  bonded j o i n t ,  w h i l e  t h e  
pheno l i c  r e s i n  provided t h e  proper adhesion c h a r a c t e r i s t i c s .  

With t h i s  process, i t  was 
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Due t o  t h e  apparent s i m p l i c i t y  i n  app ly ing  t h e  single-component system, 
f u r t h e r  development of these adhesives were more c l o s e l y  fo l lowed i n  t h e  
Uni ted States and abroad. 

Coinc identa l  w i t h  t h e  development of these newer adhesives, t h e  a i r p l a n e  
was p l a y i n g  a mojor r o l e  i n  t h e  f i g h t i n g  o f  World War 11. 
i n d u s t r y  was, t he re fo re ,  desperate ly  i n  search o f  unique manufactur ing 
techniques t o  save weight o r  p rov ide  smoother a i r f o i l  surfaces. 
led t o  t h e  immedia e acceptance o f  adhesive bonding for  use i n  a i r c r a f t  
s t r u c t u r e .  I n  t h e  Uni ted States, t h e  government approved t h e  s i n g l e  component 
adhesive system as an a i r c r a f t  s t r u c t u r a l  bonding agent w h i l e  England began 
u t i l i z i n g  t h e  doub e component system f o r  j o i n i n g  metal t o  wood i n  t h e  De 
Havi land Hornet. 

W i t h i n  a few years, v iny l -pheno l i c  bonded-sandwich s t r u c t u r e s  became 
more predominant f o r  use i n  wing panels and fuselage sec t i ons  o f  t h e  8-57 
and Matador m i s s i l e .  By t h e  mid 1950's, s t r u c t u r a l  adhesive bonding was 
used ex tens i ve l y  i n  t h e  manufacturing o f  t h e  B-58. Since then, new epoxy 
adhesive systems have been used more c o n s i s t e n t l y  and more d a r i n g l y .  
o f  aluminum t o  i t s e l f ,  and t o  o t h e r  metals and non-metals, has become common 
p r a c t i c e .  Because o f  t h e  g r e a t  p o t e n t i a l  i n  weight reduct ion,  t h e  major 
t echn ica l  e f f o r t  t o  develop r e l i a b l e  adhesive bonding data has been re-  
s t r i c t e d  t o  aluminum a l l o y s  used i n  a i r c r a f t  such as bare and a l c l a d  2020-T6, 
2024-T3, T6, T86, and 7075-T6. 

The a i r c r a f t  

Th i s  urgency 

Bonding 

A dramat ic example i n  present-day a p p l i c a t i o n  o f  adhesive bonding i s  t h e  
supersonic F-Ill f ighter-bomber. Most o f  t h e  e n t i r e  e x t e r i o r  s k i n  i s  an 
adhesive-bonded honeycomb-sandwich s t r u c t u r e .  Another prime example o f  
complex bonded s t r u c t u r e s  being made today i s  associated w i t h  h e l i c o p t e r  
r o t o r  blades. The B e l l  H e l i c o p t e r  (model UH-ID) uses an adhesive t o  bond an 
aluminum honeycomb core and doublers t o  t h e  main spar, a brass nose bar, and 
a s t a i n l e s s - s t e e l  leading edge. Th is  22-foot long al l-bonded assembly i s  
cured a t  120 p s i  and 350 degrees F. 

I t  i s  apparent t h a t  adhesive bonding has a d e f i n i t e  p lace  i n  t h e  a i r c r a f t  
The c r i p p l i n g  s t r e n g t h  o f  compression panels i s  s i g n i f i c a n t l y  i ndus t r y .  

improved due t o  t h e  i n t e g r a l  s t i f f e n i n g  e f f e c t  o f  t h e  bonded laminates 
( r e f .  F ig .  74). 

The f a t i g u e  s t r e n g t h  o f  compression panels i s  increased t h r u  t h e  use o f  
good bonded design. 
t h e  one w i t h  i n s u f f i c i e n t  s k i n  w id th  t o  s t r i n g e r  bond i s  i n f e r i o r  t o  t h e  
r i v e t e d  c o n f i g u r a t i o n  beyond I O 4  load cyc les  thus  demonstrat ing t h e  importance 
o f  proper bonded design. 

F igu re  75 compares t h r e e  c o n f i g u r a t i o n s  and revea ls  t h a t  

Fa t i gue  s t r e n g t h  comparisons o f  Redux bonded s i n g l e  and double l a p  j o i n t s  
w i t h  a r i v e t e d  j o i n t  a re  made i n  F igu re  76. Here again, t h e  s u p e r i o r i t y  o f  well 
designed bonded j o i n t s  i s  ev ident .  Resul ts  of box beam f a t i g u e  t e s t s  i n v o l v i n g  
r i ve ted ,  bonded, and i n t e g r a l l y  s t i f f e n e d  c o n s t r u c t i o n  a r e  presented i n  Fig- 
u r e  77. The advantage gained by us ing sca r f  j o i n t s  i n  l i e u  o f  lap j o i n t s  i s  
shown i n  F igu re  78 where t h e  S-N curves for both c o n f i g u r a t i o n s  a r e  p l o t t e d .  
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A: 

AL: 

COMPARISON OF C R I P P L I N G  STRENGTH OF BONDED AND RIVETED 
BUILT-UP COMPRESSION ELEMENTS 

Z-Stiffener  and Skin 
Material: 2024 AL Alloy 

(Tota l  Area = 

Riveted 

= 

c r 
M 

r E 
v) 

tl = tp = .06 i n  2 
0.26 i n .  1 

A2 : 

.008 

Relat ive Strength 

Calculat ion of Crippl ing Strength 
a = Area of ind iv idua l  elements i a (fee ) 

A 
Where: A = T o t a l  area of s e c t i o n  1 

fcc = Crippl ing stress of elements 
B: Element Strength Data according t o  above curves. 

Data Extracted from Article 
Written by L-Jungstrom; 
Design Aspects of Bonded 

St ruc tures ;  Bonded Aircraft 
S t ruc tures  Published by 
C.I.B.A. (A.R.L. ) Limited; 1957 

Figure 74 
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P 
mox 

( I b )  

EFFECT OF WIDTH OF S K I N  TO STRINGER BOND ON 
FATIGUE STRENGTH OF COMPRESSION PANELS 

Load Cycle: Pulsating Compression With P = I100Ib 
m i  n 

S k i n  
Buck l i n g  
S t a r t s  
( S t a t i c  
T e s t )  

10.62 -4 
Test b-- 3.54 --€= 

Specimen 

(Bonded) (Bonded) ( R i v e t e d )  

0 0 0 

Data E x t r a c t e d  from Article W r i t t e n  by O.L. Jungstrom; 
Design Aspec ts  o f  Bonded S t r u c t u r e s ;  Bonded Aircraft 
S t r u c t u r e s  P u b l i s h e d  by C . I . B . A .  (A.R.L.) Limi ted  1957 

F igu re  7 5  
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Cycles (N) 
Data taken from: FFA Report HU-226 and FFA Medd. No 30 

F igu re  76 

COMPAR I SON OF R I VETED, BONDED, AND 
INTEGRALLY- STIFFENED ALUMINUM ALLOY BOX BEAMS (“““‘I R = 0.333 

K = 3.00 

Test Temp = Room 

St i f feners:  

\ 20 Inches 

(Each Bar Represents An Individual Test R u n )  Test Specimen 
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COMPARISON OF FATIGUE STRENGTH OF A SIMPLE LAP J O I N T  AND A SCARF J O I N T  

Data t a k e n  from: 
Article by D.Y. Wang; 

I n f l u e n c e  o f  S t r e s s  

Bonded J o i n t s  ; 

Experiment a1 
Mechanics,  
June  1964 

Mater i a I - 2024-T3 Aluminum 
Adhesive - FM-47 

S t r e s s  Ratio R = 0.10 

106 

F igu re  78 

Higher s t rength- to-weight  r a t i o s  a r e  p o s s i b l e  w i t h  sandwich m a t e r i a l s .  
O f ten  it i s  t h e  o n l y  way t o  j o i n  th in-gage sheets; t h e  adhesive bond can 
double as a seal ;  d i s s i m i l a r  meta ls  can be fastened w i t h o u t  c o r r o s i o n  e f f e c t s  
and i r r e g u l a r  shapes o r  complex sec t i ons  can be fastened comparat ive ly  e a s i l y .  
Hel icopters ,  f o r  example, because of  v i b r a t i o n ,  r e q u i r e  t h e  damping p r o v i s i o n s  
provided by t h e  n i t r i l e  rubber-epoxy adhesive system. 
many advantages as we l l  as t h e  l i m i t a t i o n s  o c c u r r i n g  through t h e  use o f  bonded 
s t r u c t u r e s .  

Table X X I I I  l i s t s  t h e  

General design and p roduc t i on  phi losophy associated w i t h  bonded s t r u c -  
tures. -  

( 1 )  Know t h e  m a t e r i a l s  ( t e s t  data) .  

( 2 )  S t r u c t u r e s  should be p r o p e r l y  designed f o r  t h e  use o f  adhesives. 

( 3 )  Use a p p r o p r i a t e  prebond treatments,  t i g h t l y  w r i t t e n  i n s t r u c t i o n s ,  

( 4 )  I n s i s t  t h a t  t h e  recommended process o r  s p e c i f i c a t i o n s  be r i g i d l y  

and p e r m i t  no dev ia t i ons .  

adheared t o  when: 

( a )  Apply ing and c u r i n g  t h e  adhesive. 
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(b )  Handling, f i t t i n g ,  and j i g g i n g  o f  t h e  p a r t s .  

(5 )  T r a i n  personnel t o  understand t h e  importance o f  good workmanship and 
i t s  i n f l u e n c e  on j o i n t  s t r e n g t h  and l i f e .  

( 6 )  Set up a q u a l i t y - c o n t r o l  system t o  ma in ta in  a h i g h  standard of  
r e l i a b i l i t y .  D e s t r u c t i v e  t e s t  specimens should be f r e q u e n t l y  
processed concur ren t l y  w i t h  p roduc t i on  bonds. 

I n i t i a l  s t r e n g t h  o f  a j o i n t  does n o t  c o n s t i t u t e  a good r e l i a b l e  bond 
which w i l l  s a t i s f y  i t s  intended s e r v i c e  l i f e .  The adherend su r face  prep- 
a r a t i o n  i s  an important p r e r e q u i s i t e  i n  t h e  permanence of  j o i n t s  subjected 
t o  simultaneous s t r e s s  and adverse environment. J o i n t s  made w i t h  p o o r l y  pre- 
pared adherends may e x h i b i t  t h e  same i n i t i a l  breaking s t r e n g t h  as those made 
w i t h  adherends having undergone an e labo ra te  chemical c lean ing  process. The 
bonds made w i t h  t h e  minimum su r face  treatment,  however, w i l l  prove i n f e r i o r  
w i t h  respec t  t o  permanence. E labo ra te  meta l -c lean ing  procedures migh t  be 
a l l e v i a t e d  by us ing  a p re-pr im ing  opera t i on  incorpora ted  i n  t h e  ma te r ia l  
p roduc t i on  l i n e  a t  t h e  m i l l .  Th i s  method i s  a l ready  used by a honeycomb panel 
manufacturer i n  t h e  Un i ted  Sta tes .  A p r imer  i s  a p p l i e d  t o  bo th  sur faces  o f  
sanwich f a c i n g  ma te r ia l ,  accompl ishing t h e  f o l l o w i n g :  

( 1 )  prov ides  proper  subs t ra te  f o r  pr imary honeycomb bonding 

(2) main ta ins  c lean  su r face  f o r  a l a t e r  secondary bond i f  necessary 

( 3 )  pr imer  a c t s  as an a d d i t i o n a l  c o r r o s i o n - r e s i s t a n t  b a r r i e r  t o  a l l  
exposed surfaces of t h e  adherend whether o r  n o t  a secondary bond 
i s  made 

T h i s  process c o u l d  e a s i l y  be incorpora ted  as an a d d i t i o n a l  s tep  a t  t h e  
m i l l ;  however, t h e  bas i c  m a t e r i a l  c o s t  cou ld  increase as much as 20 percent.  

Repairs f o r  bonded c o n s t r u c t i o n  - Repairs t o  damaged panels and sur faces  

Consequently, e f f e c t i v e  r e p a i r  methods must be developed t o  main- 
migh t  be necessary e i t h e r  du r ing  p roduc t i on  o r  a f t e r  they  a r e  i n  s e r v i c e  f o r  
some t ime.  
t a i n  t h e  o r i g i n a l  contour, insure  s t r u c t u r a l  i n t e g r i t y ,  and prevent  damage 
p ropagat i on. 

R e p a i r a b i l i t y  requ i res :  ( 1 )  t h e  damaged p a r t ,  dependent upon t h e  e x t e n t  
o f  t h e  damages, must be removable, i f  necessary, by some means t h a t  w i l l  leave 
t h e  remaining p a r t s  undamaged; (2) 
being repaired, us ing  mechanical fas teners ,  adhesive bonding, o r  a combinat ion 
o f  both, w i t h o u t  loss of  p r o p e r t i e s  t o  t h e  remaining bonds. 

t h e  damaged p a r t  must be capable o f  

Q u i t e  o f t e n  r e p a i r s  a r e  made w i t h  m a t e r i a l s  d i f f e r i n g  f rom t h e  ma te r ia l  
of t h e  damaged s t r u c t u r e .  Therefore, a r e p a i r  adhesive must be capable o f  
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TABLE X X I I I  

l e r s a t i l i t y  o f  j o i n i n g  d i s s i m i l a r  mater ia ls  i s  g rea t l y  
improved. Corrosion i n  fay ing surfaces i s  reduced. Metals 
nay be r e a d i l y  j o ined  t o  non-metal l lcs. 

vlore uniform d i s t r i b u t i o n  o f  s t ress throug 
along e n t i r e  length. Great ly  reduces s t r e  e n t r a t  ion. 

;reat improvement--IO t o  1 over r i ve ts .  Reduces crack 
propagation. 

hdhesives e x h i b i t  high strengths when stressed i n  shear. 
The more e f f i c i e n t  adhesives e i t h e r  approach o r  surpass 
the sheet metal s t rength a t  an L / t  r a t i o  between 20 and 30. 
L = Lap length; t = adherend thickness. 

Reduction o f  weight and s i ze  may be obtained. 
c a p a b i l i t y  f o r  j o i n i n g  t h i n  o r  b r i t t l e  mater ia ls .  
In proper ly  designed bonded structures, t h e  fo l l ow ing  
weight savings could be achieved over 
s t ructures:  

( 1 )  Compression members: up t o  25 percent 
( 2 )  Tension members: I O  t o  15 percent 
( 3 )  Tension members designed by fa t i gue  c r i t e r i a :  up t o  

( 4 )  

ded j o i n t  

Greater 

r i ve ted  

20 percent 
Some miscellaneous weight may be saved by e l im ina t i ng  
the  necessary loca l  reinforcements usual ly  required 
w i th  conventional fasteners. 

NOTE: A t y p i c a l  ove ra l l  weiqht savings f o r  c i v i l  a i r c r a f t  
i s  3 t o  6 percent o f  the t o t a l  s t ruc tu re  weisht 

Many d e t a i l s  may be el iminated which s i m p l i f i e s  the ove ra l l  
design. Large areas may be bonded i n  a s ing le  operation. 

Non-destructive t e s t  techniques a re  ava i l ab le  t o  insure go01 
r e l i a b i l i t y .  

In ternal  f ue l  c e l l s  and pressurized cabins are a u t m a t i c a l i  
sealed when bonded. 

Excel lent. 

Compared t o  welding, thermal damage t o  parent metals i s  
g rea t l y  reduced. f i e l d  repa i r  i s  e a s i l y  performed. 

Adhesives have been successful ly used on m i l i t a r y  and 
commercial a i r c r a f t  f o r  over IO years. 

l i f f e r e n t i a l  c o e f f i c i e n t  o f  
rxpansion must be considered 
lue t o  t h e  build-up o f  res id-  
ia I stresses. 

bs idua l  stresses may be 
nduced during heat cure. 

' roduction adhesives a re  
lenera I I y I i m  i ted  t o  35OoF. 

4 c lose to lerance between 
nating pa r t s  i s  essent ia l .  
jpec ia l  sk i  I I s  and personnel 
t ra in ing  a reusua l l y  required 

Fxtensive q u a l i t y  cont ro l  
nust be exercised, since the  
strength level o f  bonded 
j o i n t s  flay not  be f u l l y  
setermined through non- 
dest ruct ive test ing.  

Bacteria growth i n  fue l  may 
at tack the  adhesive. Cmpon 
ents may requ i re  addi t ional  
p ro tec t i ve  coat ing i n  these 
areas. 

Jumpers a re  mandatory f o r  
e l e c t r i c a l  con t i nu i t y .  

Proper surface preparation i 
mandatory f o r  good qua I i t y  

of clean1 iness. 
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s a t i s f a c t o r i l y  bonding a v a r i e t y  of ma te r ia l s ,  p r e f e r a b l y  under t h e  same 
c o n d i t i o n s  o f  temperature and pressure.  Another requirement f o r  any r e p a i r  
adhesive must be t h a t  it d isp lays  an apparent fo rg iveness  for  less e f f i c i e n t  
c lean ing  methods i n  t h e  f i e l d  as compared t o  those used i n  t h e  i n i t i a l  man- 
u fac tu re  o f  t h e  p a r t .  
w i t h  a combined r i v e t i n g  and bonding technique, o r  by bonding alone, a 
r e p a i r  can u s u a l l y  be made by us ing fo l low-up pressure-type mechanical 
fas teners .  
p lace  vacuum-bag b lankets  w i t h  p o r t a b l e  vacuum pumps. 

Regardless o f  whether t h e  damaged assembly was made 

Another means o f  pressure a p p l i c a t i o n  would be fab r i ca ted - in -  

The f o l l o w i n g  summarizes t h e  main requirements of  a r e p a i r  adhesive: 

( 1 )  Since ovens, autoclaves, and spec ia l  equipment w i l l  n o t  be ava 
a t  most f i e l d  f a c i l i t i e s ,  t h e  r e p a i r  adhesive must s a t i s f a c t o r  
cure  a t  near room temperature. 

( 2 )  I t  must a l s o  be capable o f  easy a p p l i c a t i o n  w i t h i n  t h e  tempera 
range o f  40 t o  100 degrees F. 

l a b l e  
lY 

u r e  

( 3 )  I t  must g i v e  good bond s t reng th  i n i t i a l l y  and a f t e r  environmental 
exposure, f o r  m a t e r i a l s  cleaned by methods n o t  y i e l d i n g  t h e  bes t  
p o s s i b l e  sur faces  f o r  bonding. 

( 4 )  The e f f e c t s  o f  repeated cure on t h e  
i t s  i n t e g r i t y .  

( 5 )  I t  must w i ths tand exposure t o  c lean 
opera t ions .  

o r i g  

ng f 

nal bond must n o t  a f f e c t  

u ids  used i n  se rv i ce  

(61 I t  should have a good s h e l f  l i f e  ( a t  l e a s t  3 months), remain 
acceptable through a wide range o f  s torage cond i t ions ,  have 
a t  l e a s t  2 hours, and p r e f e r a b l y  10 hours, of open assembly 
t ime.  

CONCLUD I NG REMARKS 

The c o s t  a n a l y s i s  o f  an a l l  p l a s t i c  Far Term a i rp lane ,  shown i n  
Appendix A, and t h e  comparat ive a n a l y s i s  o f  a convent ional  sheet metal 
a i r c r a f t  w i t h  equ iva len t  requirements, shown i n  Appendix C y  i n d i c a t e s  t h e  
obvious advantage o f  reduced labor .  The reader should bear i n  mind t h a t  
t h i s  i l l u s t r a t i o n  o f  c o s t  a n a l y s i s  i s  based on severa l  more-or-less a r b i t r a r y  
assumptions and s t a t i s t i c s .  Even w i t h  p resent  day technologies,  c o s t  
ana lys i s  i s  a m ix tu re  of a r t  and science, o f t e n  t imes tempered by personal 
exper ience. 
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APPENDIX A 

CONSUMER PRICE BREAKDOWN OF FAR TERM AIRPLANE (ESTIMATED) 

An est imated t o t a l  consumer p r i c e  breakdown of t h e  Far Term a i r p l a n e  has 
been determined by combining: 

( 1 )  t h e  es t imated  cos ts  o f  t h e  pr imary s t r u c t u r a l  components; i.e., t h e  
v e r t i c a l  t a i l ,  h o r i z o n t a l  t a i l ,  wing and fuselage. 

( 2 )  t h e  est imated c o s t  of  t h e  remaining items such as burden, manufac- 
t u r e r  and dea le r  markup, engine, hardware, etc.,  based i n  p a r t  on 
prev ious  breakdowns of contemporary a i rp lanes .  

I t  i s  est imated t h a t  t h e  r e i n f o r c e d  p l a s t i c  Far  Term a i r p l a n e  of t h e  
19801s, produced i n  s i x - f i g u r e  q u a n t i t i e s ,  w i l l  s e l l  for  approximately 
$10,973.00. A breakdown o f  t h i s  p r i c e  i s  i l l u s t r a t e d  i n  t h e  f o l l o w i n g  p i e  chart. 

\ 

Scope of  > 
t h i s  study 

13.4% 
Other l abo r  4.5% 

A i  rf rame labor  4.5% 

Raw m a t e r i a l  8.9% 
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The f o l l o w i n g  t a b l e  breaks t h e  consumer p r i c e  down i n  f u r t h e r  d e t a i l .  
Fo l low ing  t h e  t a b l e  i s  a l i s t  o f  assumptions upon which t h e  p i e  c h a r t  and t h e  
tab  I e a r e  based. 

CONSUMER PRIC 

I tern 

D i r e c t  labor  ( s t r u c t u r e )  $ 238.62 $ 734.62 6.7 
D i r e c t  labor  ( o t h e r )  496.00 
Overhead ( s t r u c t u r e )  310.21 955.21 8.7 
Overhead ( o t h e r  1 645.00 
Mater ia  I ( s t r u c t u r e )  81 1.25 978.25 8.9 
Ma te r ia l  ( r e t r a c t a b l e  L. ,, o t h e r )  167.00 
Molding t ime charge ( n o t  labor )  258.10 2.3 
Equipment (Engine & p r o p e l l e r  2425.00 3842.00 35.1 

Sub-Tota I $ 6768.18 61.7 
(L.G., wheels, instruments, etc)1417.00 

D i rec t ,  Sales, and G&A expenses 
Manufactur ing c o s t  
Factory  p r o f i t  (10% o f  Mfg. c o s t )  

To ta l  dea le r ' s  c o s t  
D i s t r i b u t o r  and dea ler  mark-up 
Tota l  Est imated c o s t  t o  consumer 

121 1.92 11.0 
$ 7980.10 72.7 

7 .'3 
$ 8778.11 80.0 

- 798.01 

2194.53 20.0 
$10972.64 1oo.o 

AIRFRAME FABRICATION COST ANALYSIS 

A i  rf rame I abor 
A i r f rame share o f  overhead 
Raw mate r ia l  
Molding t ime charge 
A i r f rame f a b r i c a t i o n  c o s t  

AMPR weight i s  est imated t o  1038 I b s .  

$ 3 1 5 7 * 6 1  = $ 3.02/ lb 
I038 

Un i t a i  rf rame c o s t :  

$ 486.62 
1434.64 
978.25 
258.10 

$ 3157.61 

D i r e c t  labor  - 
( s t r u c t u r e  1 

D i r e c t  labor  - 
(o the r  1 

5 P l a s t i c  Pa r t s  fab. t ime 

36.36 wing labor  202 P l a s t i c  Pa r t s  4 min ipar  
~ 

$ .72 f i n  labor  4 P l a s t i c  Pa r t s  
.90 rudder labor  

2.88 hor iz .s tab .  labor  16 P l a s t i c  Pa r t s  es ' f im ted  a t  

5.76 fuselage labor  32 P l a s t i c  Pa r t s  
o t h e r  labor  (Estimated,other than p l a s t  c 

p a r t s  1 
= @ $2.70/hr.ave.wage = 89 hours 

$1700.00 ( t o t a l  d i r e c t  labor  from Table I) 
(a i r f rame labor  from Table I) 

+ 1  $1560 es t .  for r e t r a c t a b l e  L.G 
$ 496.00 
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Overhead - $ 310.21 = $238.62 x 130% from Table I 
( s t r u c t u r e  1 

Overhead - $ 645 = $496 x 130% 

Mate r ia l  - $ 8.27 
( s t r u c t u r e )  5.36 

79.12 
328.50 
390.00 

$ 811.25 

Mate r ia l  - $ 167.00 
(o the r  I 

- Mo I d i ng 
( t ime charge) $ 13.20 

16.50 
52.80 
70.00 
105.60 

$ 258.10 

Equ i pment - $2425.00 
(Engine & p r o p e l l e r )  

- 
$ 1  4 I 7.00 Equ i pment 

( L . G . ,  e tc . )  

D i r e c t  sa les  - $1211.92 
and G & A 

D i s t r i b u t o r  & - $2194.53 
dea 1 e r  

A i  rf rame - $ 486.62 
I abor 

A i r f rame share - $1434.64 
o f  overhead 

v e r t i c a l  f i n  (13.13 I b  x .63 $/ 
rudder  (8.50 I b  x .63 $/I 
h o r i z .  t a i l  (36.06 I b  x 2.00 $ / l b )  
wing (F ig.  55, bar@;  F i g  
fuse I age (2.00 $ / l b  x 195 Ib  o f  pr imary s t r u c )  

$70 es t .  for  r e t r a c t a b l e  L.G. mate r ia l  
$97 e s t .  f o r  seats, uphols tery ,  i n t e r i o r s ,  e t c .  

= 3*30$/part) 
Tab le  xv 

1,320,000 $ 
100,000 u n i t s  x 4 p a r t s  v e r t i c a l  f i n  

rudder 
h o r i z .  s tab.  (3.30 $ /pa r t  x 16 p a r t s )  

(3.30 $ /pa r t  x 5 p a r t s )  

wing (estim.,202 pa r t s ,mu l t i cav i t y  t o o l i n g )  
fuse I age (3.30 $ /pa r t  x 32 p a r t s )  

* 250 HP x $2795.00 
Table I 80% 230 HP 

* 
x 80% Table I x $156011 ) + (24.2% Table I 

Overa l l  burden - Mfg. overhead = (2.95 f rom p.13 
x l abo r )  - $955.21 = (2.95 x 734.62 - 955.21) 

dea I e r  c o s t  x 25% = 8778. I I x .25 (used 25% i n- 
s tead of 33% due t o  h igh  volume sales, 
e.g. au to  i n d u s t r y )  

238.62 + i x 496 (A i r f rame labor  = D i r e c t  s t ruc -  
t u r a l  labor  + 3 o t h e r  labor  

airframe labor x (overhead + d i r e c t ,  sales, a l  I labor  

G & A expenses) = 486*62 734,62 x (955.21 + 1211.92) 
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APPENDIX B 

ent, and more expensive, ma te r ia l s .  

The d i r e c t  ope ra t i ng  c o s t  o f  t h e  heav ie r  a i r p l a n e  A i s  $0.09 more than 
t h a t  of t h e  l i g h t e r  a i r p l a n e  B, due e n t i r e l y  t o  t h e  g rea te r  f u e l  consumption 
of a i r p l a n e  A. See Table XIX. 

The i n d i r e c t  ope ra t i ng  cos ts  o f  t h e  l i g h t e r  a i r p l a n e  B a r e  g r e a t e r  s ince  
they  a r e  i d e n t i c a l  respec t i ve  f u n c t i o n s  o f  a higher,consumer p r i c e .  

The h igher  consumer p r i c e  o f  t h e  l i g h t e r  a i r p l a n e  B i s  so lved for by 
equat ing t h e  t o t a l  ope ra t i ng  cos ts  f o r  t he  two a i rp lanes ,  i n  terms o f  consumer 
p r i c e  for  a i r p l a n e  B. I.e., 

Assuming: No i n t e r e s t  a f t e r  5 years and, 
Deprec ia t ing  t o  5% (scrap va lue) ,  

(T.O.C.lA = (T.O.C.lB 

$9.57 +.0477 ~ $ 1 7 0 0 0  + x-+.0477 $9 48 x p r i c e  + $ 695) h r  

.954 p r i c e  + $77 037 

.820 p r i c e  

.350 p r i c e  

ZOyr(333hr x- 
hr $ + 5yr( .12 x 17000 +.044 x +.044 x p r i c e )  
+ 15yr( .35/15yr x x Gr i ce )  

$ 93 854 

$113 744 2.124 p r i c e  + $77 037 

= $113 744 - $77 03 

$284 = $2.03/lb 
140 I b  

The p r i c e  d i f f e r e n t i a l  fo r  a i r p l a n e  B, a t  which t h e  h igher  i n d i r e c t  
ope ra t i ng  cos ts  e x a c t l y  compensate t h e  lower d i r e c t  opera t ings  costs ,  represents  
t h e  d o l l a r  amount t h a t  can be spent for  i t s  140 pounds o f  weight  saved. I.e., 
$17284 -$17000 = $284 f o r  140 pounds saved, or $2.03 per  pound. 
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SPECIFICATIONS 

Weight 

TABLE XIX-VALUE OF A PO 

DIRECT OPERATING COSTS 
(HOURLY 1 

Fuel and o i l  
Maintenance 
Engine overhaul 

To ta l  D.0.C 

INDIRECT OPERATING COSTS 
(YEARLY 1 

Hangar r e n t  
Insurance(4g + $215) 

Deprec i a t  i on (5yr  ,40$ 
res idua l  1 

F i r s t  5 years 
Last  15 years 

Tax ($7.70/1000 va lue )  

I n t e r e s t  ( f i r s t  5 years 
o n l y  @ 80% x 5.5%) 

Tota l  I.O.C. 

F i r s t  5 years 
Fo l low ing  15 y r s  

$17,000 

$5.34 
$2.35 
$1.88 

$9.57/hr 

$480 
.04 x$17000+$215 = $895 

.12 x $17000 = $2040 

.35/15 x $17000 = $ 397 

.0077 x $17000 = $ 131 

.044 x $17000 = $ 748 

,1717 x$17000+$695 
.3607 x$17000+$695 

$5.25 
$2.35 
$1.88 

$9.48/ hr 

$480 
.04 x P r i ce+$215  = 

- .12 x p r i c e  - 
.35/15 x p r i c e  = 

- .0077 x p r i c e  - 

- - .044 x p r i c e  

.1717xpr ice+$695 = 

.3607xpr ice+$695 = 

t h a t  t h e  $2.03/poun year u t i l i z a t i o n  r a t e  and a 
r v i c e  l i f e .  The wor t  i s  d i r e c t l y  p ropor t i ona l  t o  

s e r v i c e  l i f e  and u t i l i z a t i o n  r a t e .  
pound saved, for  s e r v i c e  l i v e s  and u , ranging from f i v e  t o  

r e  40 f o r  dol l a r  va lue  pe r  

p e c t i v e l y .  
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A d d l t i o n a l l y ,  t h e  same process was repeated fo r  both piston-powered and 
turbine-powered he l i cop te rs ,  t h e  r e s u l t s  of  which a r e  i l l u s t r a t e d  i n  F igures 79 
and 80. 

WORTH I N  DOLLARS PER POUND OF WEIGHT SAVED (TURBINE-HELICOPTER) 

n 

a 

n 

W 
> 
v, 

z 
3 
0 a 
fY w a 
w 
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-I 
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fY 

-I 
0 

a 

4 
n 
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n 

a 

n 
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v, 
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0 a 
fY 
W 
II 
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3 
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8 

a 
5 

a 
-I 

70.00 

60.00 

50.00 

40.00 

30.00 

20.00 

10.00 

900 

600 

333 

175 

100 

h r / y r  

h r / y r  

h r / y r  

h r / y r  

h r / y r  

0 10 20 30 
SERVICE L I F E  (years)  

F i g u r e  7 9  

I N  DOLLARS PER POUND OF WEIGHT SAVED (PISTON-HELICOPTER) 
, 

A n  4 

I 50. vu I A 9 0 0  h r / y r  

I 40.00 

I ‘ 1355 hr’yr 
17.5 h r / y r  
100 h r / y r  

10.00 

SERVICE L I F E  (years)  
F igu re  80 
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APPENDIX C 

ESTIMATED COST OF CONVENTIONAL SHEETMETAL AIRPLANE AT 100,000th UNIT 

Today's sheetmetal a i rp lane ,  comparable t o  t h e  NASA g u i d e l i n e  Far Term 
a i r p l a n e  on an empty weight basis,  would c o s t  $12.50/lb* x 1609 Ib, o r  
$20,150.00. 

Since 1956, one o f  t h e  l a rge  l i g h t  a i r p l a n e  manufacturers i n  t h e  U.S. has 
produced a cumulat ive t o t a l  o f  25,000 a i rp lanes ,  a t  an average present  day 
p r i c e  of $19,080. T h i s  i s  a l i n e  of a i r p l a n e s  which approximates t h e  Far Term 
a i r p l a n e  and i s  f a i r l y  near t h e  hypo the t i ca l  $20,150.00 a i rp lane .  

From Table I (page 121, d i r e c t  labor  amounts t o  10% o f  t h e  consumer 
p r i c e .  I n  t h i s  case it would be 10% x $20,150.00 o r  $2015.00. 

The labor  c o s t  on t h e  100,000th u n i t  i s  determined us ing a constant  
( l i n e a r )  80% lea rn ing  curve. I t  i s  very conservat ive t o  use a constant  80% 
since, according t o  t h e  U.S. A i r f o r c e  P r o j e c t  Rand Report R-291**, t h e r e  is 
apparent ly  a minimum below which the  labor  cannot be reduced. This  l e v e l i n g  
o f f  of t h e  labor c o s t  apparent ly  occurs n o t  long a f t e r  t h e  300th u n i t .  The 
f o l l o w i n g  values a r e  p o i n t s  on a constant  80% curve. 

Labor Cost 

b 2015 
1612 
1290 

Q u a n t i t y  (cumulat ive)  

25,000 
50,000 

100,000 

The consumer p r i c e  o f  t h e  100,000th conven t iona l l y  produced a i r p l a n e  can 
then be compared t o  t h e  "Far Term" a i r p l a n e  as f o l l o w s :  

- I tem Sheetmetal "Far Term" ( p l a s t i c ) #  

Labor $ 1290 ## $ 734.62 
Overhead @ 130% 1677 955.21 
Ma te r ia l  ( s t r u c t u r e )  906(765/17000x20150) 81 1.25 
Ma te r ia l  ( o t h e r )  167 167.00 
Molding Time Charge 258.10 
Engine and P r o p e l l e r ,  L.G.,etc. - 3842 3842.00 

7882 6768.18 
Di'rect, Sa I es, G&A ### 2129 
Manufactur ing Cost 10011 
Factory Prof  it @ 10% 1001 
Dealer Cost 11012 
D i r .  & D i s t r .  Markup (25%) 2753 
Estimated Consumer P r i c e  13765 

121 1.92 
7980.10 

798.01 
8778.1 1 
2194.53 

$10972.64 

* 
** U.S. A i r  Force P r o j e c t  Rand Report (R-2911, J u l y  1, 1956, Cost-Quant i ty 
Re la t i onsh ips  i n  t h e  Ai r f rame Indust ry .  
# See Appendix A. ## A i r f rame labor = 80% t o t a l  labor = $1032. 
### 

See Figures 6 and 7. 

From page 13, ( d i r e c t  + sa les + G&A) = 2.95 x d i r e c t  l abo r  - overhead = 
(2.95)(1290) - 1677 = 2129. 

132 



REFERENCES 

1 .  Anon.: S t a t i s t i c a l  Abs t rac t  o f  t h e  Un i ted  States,  1966. Uni ted States 
Department o f  Commerce. 

2. Anon.: The Complete Automobile P r i c i n g  Manual. Automobile P r i c i n g  P u b l i -  
cat ions,  Inc., Bu r l  ingame, Ca l i f . 1966  

3. Anon.: M a t e r i a l s  and Design Engineering. Reinhold Pub1 
New York, N.Y.0c-t. 1964 

4. Anon.: MIL-HDBK-5A, M e t a l l i c  M a t e r i a l s  and Elements for 
Structures,  Feb. 1967. 

sh i ng Company, 

Aerospace Vehic le  

5. 

6. 

7. 

8.  

9. 

10. 

11. 

12. 

13. 

Anon.: M a t e r i a l  Se lec to r  Issue, MATERIALS ENGINEERING, mid-October 1966. 

Huernberger, H. H.: Alcoa Green L e t t e r  on Alcoa Aluminum A l l o y  X7005. 

Mehr, P.; Spuhler, E.; Mayer, L.: "AIcoa A l l o y  7075-T73", Aluminum Com- 
pany o f  America, Aug. 1965. 

Frost ,  P.: Technical  and Economic Status o f  Magnesium-Lithium A l l oys .  
NASA SP-5028, Aug. 1965. 

Anon.: S t r u c t u r a l  Technical Serv ice and Development Data, Dec. 1, 1965. 
Metal Products Department, The Dow Chemical Company, Midland, Michigan. 

F isher ,  P.; Meredith, P.; and Thomas, P.: New High Strength Magnesium 
Cast ing A l l o y s  f o r  Aerospace A p p l i c a t i o n s .  SAE Aeronautics and Space 
Engineer ing and Manufactur ing Meeting, Los Angeles, C a l i f . ,  Oct. 1966. 
Paper No. 660656 
Fenn, R., J r . ;  Crooks, D.; Brodie, R.; and Chinowsky, S.:  Comparison o f  
L igh twe igh t  S t r u c t u r a l  M a t e r i a l s :  Be and A l l o y s  o f  Be Mg, AL and T i  - 
SAE Aeronaut ics and Space Engineer ing and Manufactur ing Meeting, Los Ange- 
les, C a l i f . ,  0,ct. 1966.Paper No. 660652 

Anon.: Data from F i b e r i t e  Corporat ion,  Winona, Minn. 

Anon.: Catalog o f  F o r t i f i e d  Polymers. L iquid.  N i t rogen  Processing Corpora- 
t i o n .  

14. Gamble, N. 1.: Reinforced P l a s t i c s  
Reinforced w i t h  Noncontinuous Glass 
a t i on ,  SPE Journal ,  January 1967. 

15. Anon.: MIL-HDBK-17, P l a s t i c s  for  F 
P l a s t i c s ) .  

16. Anon.: Owens-Corning F ibe rg lass  Da 

Molded A i r c r a f t  Wheels o f  Epoxy Resin 
Fi laments. Goodyear Aerospace Corpor- 

i g h t  Vehic les ( P a r t  I, Reinforced 

a Sheets TC-AL-64. 

17. Anon.: Machine Design. P l a s t i c s  Reference Issue, June 1966. 

133 



18. Anon.: "How About DAP For Large Par ts?"  Modern P l a s t i c s ,  Aug. 1967. 

19. 

20. 

21. 

22. 

23. 

24. 

25. 

26. 

27. 

28. 

29. 

30. 

Whinery, D., No r th  American Av ia t i on ,  Inc.; Fernandez, D., A e r o j e t  General 
Corporat ion:  
Fi lament Winding. Technical Report IR-9-371(V), August 1967. A i r  Force 
M a t e r i a l s  Laboratory, WPAFB, Ohio. 

Manufactur ing Methods f o r  P l a s t i c  A i r f rame S t ruc tu res  By 

Anon.: U. S. R o y a l i t e  and Royalex. Uni ted States Rubber Company Brochures. 

Anon.: ABS P l a s t i c  M a t e r i a l  Data. Marbon Chemical, D i v i s i o n  of 'Borg- 
Warner Corp., Washington, West V i r g i n i a .  

Anon.: Technical Data on High Performance P l a s t i c s .  Chemical M a t e r i a l s  
Department, General E ! e c t r i c ,  P i t t s f i e l d ,  Massachusetts. 

Anon.: Technical I n fo rma t ion  B u l l e t i n ,  N-204. T e x t i l e  F ibe rs  Department, 
DuPont Company. 

Anon.: ANC-18, Design of Wood A i r c r a f t  St ructures,  June 1951. 

Anon.: Hexcel Data Sheet 3410, March 31, 1967. Hexcel Catalog. 

Anon.: A p p l i c a t i o n  o f  Glass F i b e r  Laminates i n  A i r c r a f t .  AC.20-21, 
Federa I Av i a t  i on Agency, 1 964. 

Shanley, F. R.: Weight-Strength Analys is  o f  A i r c r a f t  St ructures.  Dover 
Pub l i ca t i ons ,  Inc., New York, 1960. 

Lyman, J.; Forest, J . ;  Po r te r ,  F.: Design and A n a l y t i c a l  Study o f  Compos- 
i t e  S t ruc tu res .  General Dynamics/Convair D i v i s i o n ,  Report GDC-ERR-AN-1077, 
Dec. 1966. 

Bruhn, E. F.: Analys is  and Design o f  F l i g h t  Vehic le  St ructures.  T r i - S t a t e  
O f f s e t  Company, C i n c i n n a t i ,  Ohio, 1965. 

Bethune, A,, and Davis, R.: H igh -E f f i c i ency  Ma te r ia l s .  Boeing Company, 
Space/Aeronautics R & D Issue, 1967. 

31. Anon.: Duramics, Inc.  877 W. 16th St reet ,  Newport Beach, C a l i f o r n i a .  

32. Donely, P h i l i p . :  An Assessment o f  Repeated Loads on General A v i a t i o n  and 
Transpor t  A i r c r a f t .  I n t e r n a t i o n a l  Committee on A i r c r a f t  Fat igue - 5 t h  
symposium - Melbourne, A u s t r a l i a ,  May 1967 

33. Jewel, Jr . ,  J.W.: I n i t i a l  Report  on Operat ional  Experiences o f  General 
A v i a t i o n  A i r c r a f t .  SAE. Paper No. 680203. Business A i r c r a f t  Meeting, 
Wichi ta,  Kansas, Apr i  I 1968. 

34. Peters,  R. W., and DOW, N. F.: F a i l u r e  C h a r a c t e r i s t i c s  o f  Pressur ized 
S t i f f e n e d  Cy1 i nders. NACA TN 3851, 1936. 

134 



35. Wi l l iams, D., M.O.S.: A Construct ional  Method for  M in im iz ing  t h e  Hazard of 
Ca tas t roph ic  F a i l u r e  i n  a Pressure Cabin. ARC Technical Report CP No. 286, 
1956. 

36. Grover, H. J.; Gordon, S. A.; and Jackson, L. R.: Fa t i gue  of Meta ls  and 
S t ruc tu res .  B a t e l l e  Memorial I n s t i t u t e .  NAVWEPS 00-25-534, Revised ed., 
June 1, 1960 

37. Anon.: Lockheed Stress Manual. 

38. Abbott,  I.H.; Von Doenhoff, A.E.: Theory o f  Wing Sect ions.  Dover Pub- 
l i c a t i o n s ,  Inc., New York, 1958. 

39. The I n t e r n a t i o n a l  System o f  Un i t s .  NASA SP-7012. 

.NASA-Langley, 1969 - a CR-1285 13 5 






